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With changes in business practice and life style, increasingly people travel spend-
ing prolonged periods of time sitting on airplanes, trains, or cars. Hence sitting
comfort has become a critical issue due to fitness and health implications.
Focusing on airplanes and based on the idea that a ’responsive environment’
(environment that adapts to independently assessed passengers conditions and
adjust itself to them) will provide high level of comfort, we investigated ways of
performing a continuos real time physiological monitoring of the passengers. A
smart seat is hence the interface structure to allow passengers to be monitored,
together with external sensors, such as environmental temperature sensors, hu-
midity sensors, etc. (those last ones are not subjects of the present work). The
smart seat is the physiological monitoring system that analyses in real time in-
dividual passengers’ status, such as their body temperature, heart rate, posture,
activity, etc. Seated posture recognition is the subject of this study.
The aim of this study is to evaluate the relevant postures assumed on airplanes’
seats and to develop a robust method for their recognition. Moreover we wanted to
develop a commercial prototype of a non-invasive passengers monitoring system on
airplanes (i.e. a smart seat capable to detect different aspects of the passenger’s
conditions like its body temperature, its activity, etc.). Few studies have been
conducted in the past concerning seated posture recognition; all of them involved
a high number of sensors for an accurate result. The novelty of this study is the
overall simplicity of the system and the commercial feasibility; it is indeed based
on the following requirements: the number of sensors involved must be as small as
possible so to not interfere with other physiological monitoring modules integrated
on the seat (such as temperature evaluation, hearth rate analysis, etc.), and to
keep the weight and the cost relatively low.
4
5The recognition was performed by using a combination of the following devices,
depending on the analysis performed: pressure mats mounted on the seat, force
plates, and eventually cameras for image analysis.
After determining the postures to be classified we created a ’Posture Database’
containing information about the relevant parameters for each of those. Two dif-
ferent approaches to posture recognition were investigated: an analytical method
which reconstructs the passenger’s posture by using a small number of inputs
(solely form force plates data); and a pattern recognition method that makes
guesses about the passenger posture by accessing to the database of classified
postures. Both the approaches showed successful results.
In this pioneering study we created a Posture Database, not found in literature,
and developed methods for seated posture recognition that rely on the use of a
limited number of sensor.
Furtherly, a prototype of a smart seat capable to recognise the user’s posture
was developed within the FP6 project “SEAT: Smart tEchnologies for stress free
Air Travel” and it can lead to many exciting applications such as responsive
environment and personal comfort settings in vehicles, automatic control of airbag
deployment forces, ergonomics of furniture design, and biometric authentication
for computer security.
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1.1.1 Seated postures and (dis)comfort correlation
The concept of comfort and discomfort during sitting is still evolving. There is not
sufficiently clear evidence between subjective feelings of comfort and objectives
physical measurements. Many studies were conducted in order to determine the
relationship between objective measures and personal rating of comfort; the prob-
lem of recognising posture during sitting was considered, since has been shown how
posture is a primary measure of sitting comfort (and discomfort) and a predictor
for attention, fatigue, and physical wellness. Evaluative studies are numerous and
mainly concerned with office seats [19], passenger seats in public transport [15]
and operator seats in cars, buses, and harvesting machines [45]. Seated posture
recognition plays a vital role in some domains, like in the office, in a classroom,
in a car as well as in an airplane, especially during a long-haul flight.
Passenger comfort is clearly a crucial factor in user’s acceptance of transport-
ation systems [51]. An individual reaction to a vehicle environment depends not
only on the physical inputs but also on the characteristics of the individual. The
findings of a number of passengers’ surveys and related research indicate that
there is not a universal optimal setting for comfort related parameters in a plane
[52]. Hence individual passengers are always likely to have certain conflicting re-
quirements as perception for comfort is affected by a variety of factors - gender
24
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and ethnicity among the most important ones [52].
Posture recognition on an airplane seat could help tackle problems caused by
prolonged period of immobility. However, there are no published results in this
area although a number of companies offer their own designs. This is specifically
true for economy seat design as airlines do not have financial incentive to compete
for this segment of the market.
Posture and movements Five different studies assessed (dis)comfort rat-
ings and some measure of posture or movement were simultaneously obtained.
These measures are related to back posture (in three studies) and back and other
movements (in one). See table 1.1. None of the studies reported any significant
correlation between comfort (or discomfort) and the parameter under investig-
ation. In four studies however, some associations seems to exist, for which no
statistical evidence was provided. Eklund and Corlett [21] compared two seats
in five tasks and they observed that the seat with the most trunk flexion was
always the seat associated with highest discomfort. Zhao and Tang [68] studied
the back posture in relation to the back-rest of the seat. They report vague, not-
statistically supported, association of comfort with the quality of the spatial fit
between the back and the back-rest profile.
Pressure distribution Seven studies were found in which measurements of
pressure at the back-rest and/or seat pan could be compared with different comfort
or discomfort ratings. Significant correlations are reported by three studies [65],
[60], [61], while two other studies [34], [45] found no associations (i.e. no clear
statistical evidence). However, some critical points should be raised. First, the
largest study by Lee et al. [42] comprising 100 subjects and 16 seats found no
association. Lee et al. [42] state that correlations between pressure data and
comfort were sufficiently significant to form the basis for any design decision. In
addition, the second largest study does report significant correlations [60], but the
paper does not provide the information (e.g. on the statistical methodology, the
level of significance, the strength of correlation, underlying results) required to
question the relevance of this conclusion. Yun et al. [65], who provide necessary
information, found that uniformity of pressure distribution, particularly at the low
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back and buttock area was statistically correlated to local discomfort in a study
on car seats. In line with this, Kamijo et al. [34], although without reporting any
statistical evidence, associate a comfortable car seat with the variance of pressure
along the body’s shape around both sciatic nodes. Moreover, for a car seat to be
qualified as comfortable it seems to be important that it provides lumbar support.
The importance of lumbar support has also been pointed in office seats where
the absence of low back contact with the back-rest was found to be statistically
correlated with low back discomfort by Vergara and Page [61].
Centre of pressure Sitting is a dynamic activity [5]. Seated subjects move
continuously [8] and often move in excess of task demands [22]. Sitting discom-
fort can be considered dynamic (i.e. time dependent). According to Helander
and Zhang [30] comfort and discomfort are not ends of a bipolar continuum and
each therefore requires independent measurement. Furthermore, using multidi-
mensional scaling and cluster analysis, the same authors reported that subjects
associated seated movements (i.e. In Chair Movements) with sitting discomfort
[30]. In Chair Movements (ICM) is an outcome measure that provides a dynamic,
time-based measure of sitting discomfort in previous laboratory studies [26, 7].
The underlying assumption in these precedent studies is that subjects move little
when first sitting, but as time passes, they increase their in-chair movements,
which they attribute to discomfort. The relationship between in-chair movement
and discomfort is somewhat enigmatic since some movements are necessary to
avoid undesirable static work postures [63] and some others are task related, or
caused by psychological factors. The mathematical relationship between ICM and
discomfort is somewhat speculative at present. In order to determine the temporal
relationship between ICM and sitting discomfort, a non-invasive, non-disruptive
measure of seated movement is required. A pressure mat, as well as force plates,
has been used to establish a mathematical relationship between movement and
COP movement in seated subjects.
1.1.2 Posture classification
How to define a seated posture and how many postures can be identified is a
key issue for the aim of this study. How can postures be defined? What are the
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parameter that allow us to classify them and distinguish among them? Literature
offers some classification, based on images analysis and pressure distribution on
the seat pan.
Zhu et al. [69] investigated whether is possible to develop an algorithm for
seated posture recognition by using a sensing chair. They successfully estimated
the postures by underlying distributions of the pressure map data of the sensing
chair. Current works on the use of pressure sensing devices to measure sitting
pressure distribution are focused on relating these distributions to seat comfort
[60, 14, 15, 67]. Most of these systems do not perform a real-time analysis, nor
do they use pressure as an input to drive another application. Silvovsky et al.
[67] stated that the problem of posture interpretation via the analysis of contact
pressure can be divided into two categories: static posture classification and dy-
namic posture tracking. The first deals with the recognition of a posture while the
user is in a steady-state posture (e.g. sitting upright); the second one tackles the
problem with sitting pressure distribution when a user switches from one static
posture to another. Issues about dynamic posture tracking are discussed in the
chapter 6.4.
Silvovsky et al. [67] collected a small database containing Static Sitting Pres-
sure Distribution Maps. The set of posture analysed includes: Sitting upright,
Leaning forward, Leaning left, Leaning Right, Right leg crossed, Left leg crossed,
Leaning left with right leg crossed, Leaning left with right leg crossed, Leaning
back and Slouching. They selected the above set as a starting point because it
includes postures commonly occurring in office environment [7].
Zhu et al. [69] also investigated whether a posture recognition algorithms can
be developed by using a sensing chair. Several algorithms were tested; the final one
was able to successfully estimate the underlying distributions of the pressure maps
data of the sensing chair. The database used is an extension of the one dened in
[58]. The new database consists of ten different postures: Seated upright, Leaning
forward, Right leg crossed, Left leg crossed, Leaning back, Leaning left, Leaning
left with right leg crossed, Leaning right, Leaning right with left leg crossed, and
Slouching.
Graf et al. [25] investigated postural behaviour while sitting. Static working
positions and poor postures are both associated with the development of musculo-
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skeletal disorders and discomfort. Seated workplaces are more the norm in mod-
ern societies and sedentary work does not provide immunity from discomfort and
musculo-skeletal disorders. They developed a method for classifying and record-
ing seated postural behaviour. Postures were recorded at one-minute intervals
during the subjects normal work for periods of up to two hours. Based on work
tasks, they found that relevant postures can be classified: Basic upright, Leaning
backward, Leaning forward, Leaning left, Leaning right, Slouching. From these
classification and analysis some preliminary conclusions about an optimal seating
behaviour pattern were made.
1.1.3 Methods for posture analysis
Several studies have been conducted in the past with the specific aim of evaluating
whether seated posture recognition can be performed.
Kayis et al. [36] developed a computer aided ergonomic package to model
a computer workstation and determinate joint centre locations and joint angles
in seated postures. They also performed experiments to determine the body
mass distribution on the seat used. They modelled for their studies both the
workstation and the body, investigating on the distribution of the body mass
and the coefficient of static friction for the seat cover, for six different seated
postures and inclination of the seat pan. The key aspect of their study was the
introduction of a three-dimensional model. They found out that the operator
leaning back using a reclined backrest gives the lowest lumbo-sacral disc loading
regardless the inclination of the seat pan; when the subject is bending forward
the highest disc loadings occurs regardless seat pan angle.
Numerous systems have been developed that explore the idea of perceptual
intelligence where computers are equipped with sensory mechanisms similar to
our own (for example, vision through cameras, and hearing through microphones)
[14, 48].
Photography has been used for joint angle and joint centre locations as in-
put data to the static models. Armstrong [5] notes that rigorous description for
posture are difficult since joint axes are in reality not fixed and there are many
axes of rotation, joints with small ranges of motion are neglected and small angles
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are approximated. Genaidy et al. [24] analysed the effects of neutral posture
deviations on perceived joint discomfort rating in sitting and standing postures.
Many people spend a large part of their day sitting in an office chair, lounge
chair or a car seat. The development of a chair that is able to sense and take
decisions, based on the sitting subject comfort status, becomes a relevant issue,
not only in office context but in any situation where prolonged sitting occurs.
Tan et al. conducted studies with the aim of transforming ordinary chairs into
perceptual and multi-modal human–computer interfaces [58]; they showed that a
static posture classification is possible through surface-mounted pressure sensors
placed over the seat pan and backrest of the chair for real time capturing of con-
tact pressure distribution. They studied 14 different postures using two pressure
mats, each of them containing 2016 sensors. The sensing chair project was con-
ceptualised to explore the use of distributed pressure information, from sensors
that are analogous to artificial skin, to achieve perceptual intelligence. Mutlu et
al. [46] present a methodology for recognising 10 different seated postures using
data from pressure sensors installed on the chair, for a total of 4032 sensors. By
using a near-optimal sensor placement strategy, the number of required sensors
was kept low thereby reducing cost and computational complexity. They obtained
a classication accuracy of 87% for ten postures using data from 31 sensors, and
78% classication accuracy using data from 19 sensors. Silvovky et al. [67]also
conducted a similar study: they enabled a sensing this chair to track in real time
the sitting posture of a user; task accomplished by pressure distribution sensors
placed on the seat cushion and back rest composed by a total of 4032 sensors.
Given the similarity between a pressure map and a grey scale image, they applied
computer vision and pattern recognition techniques to the problem of classifying
10 sitting postures. As result, their system perform recognition with an accuracy
of 96%.
The concept of a ’sensing chair’ has been hence largely investigated: with
regard to ergonomics, a sensing office chair can gather the information needed by
a “virtual posture coach” to help a computer user maintain proper sitting postures
[58]. This can be especially helpful when long-term monitoring is required due
to previous ailments such as neck or back injuries. A sensing chair system can
also help furniture designers evaluate their new chairs by observing how people sit
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during an extended period of time. With regards to long-haul flights or prolonged
sitting on cars or trains, a sensing chair can be beneficial if it adjusts configuration
based on passenger’s activity or stimulates them to undertake light exercise when
prolonged immobility occurs [51]. Studies of seats include the development of a
measurement protocol and analysis technique for assessing pressure distribution
in office chairs [64], the use of body pressure distribution measures as part of
a series of tests for assessing comfort associated with five automobile seats [31],
and an interesting review of how objective pressure measures can lead to improved
aircrew seating with more evenly distributed pressure patterns, thereby potentially
improving a pilot’s task performance by reducing or eliminating pain endured
during high-acceleration manoeuvres of the aircraft [15].
1.2 The present study
1.2.1 SEAT: Smart tEchnologies for stress free Air Travel
The present study is integral part of the FP6 SEAT project (“SEAT: Smart tEch-
nologies for stress free Air Travel”). Aim of the project was to develop a smart
seat capable to monitor passengers and perform analysis about their comfort
status. The SEAT consortium (European companies and research departments
of European universities) developed smart responsive seats and interior envir-
onment with the capability of detecting physiological and psychological changes
of passenger’s condition in real time. This in turn is analysed and appropriate
adjustments to temperature, air ventilation, seat parameters etc. are triggered.
The entire approach is devoted to create an environment that responds to the
individual requirements and desires and is not centrally controlled or manually
adjusted. Physiological monitoring is a key point for passengers of airplanes where
prolonged sitting occurs, and for airlines companies that want to improve passen-
gers comfort and to help tackle health hazards due to prolonged immobility. The
present study make a first attempt to link the posture to the type and level of
activity in a plane cabin: in long haul flights plane seats should be adapted to the
activity of the passengers.
SEAT project’s modules include the passenger monitoring package “Posture
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Recognition Module” which is implemented for this study. Other modules were:
temperature and humidity analysis, activity analysis, noise and vibration control,
etc. It must be highlighted that the Activity Analysis module is directly related to
the Posture Recognition one: infact, output of the Posture Recognition algorithms
is, beyond the recognised posture, a first attempt to determine the level of activity
of the passenger, classified as ’very low’, ’low’, light’. (Such attempt is further
analysed by cross correlation with passenger’s temperature investigation, and not
part of this study)..
The SEAT project successfully concluded in November 2009 and a prototype
of the new system and smart seat was demonstrated to experts.
1.2.2 Approach to posture recognition
The goal of the present study is to achieve posture information extraction from
passengers of airplanes’ data. We reached such goal by instrumenting the chair
rather than the environment around the passengers. Also, being the present study
part of the FP6 project ’SEAT’ described in the previous section, some compulsory
requirements needed to be satisfied. Since seated posture recognition was part of
a more general physiological body monitorage, intended for the SEAT project as
described in 1.2.1, the principal requirements to meet were:
• The number of sensor integrated in seat had to be as small as possible in
order to keep the seat available for further integration of sensors, such as
temperature control, humidity analysis, etc. (sensors necessary for other
SEAT modules);
• The overall system must be commercially feasible: low cost, low weight,
easy integration and removal of sensors;
• Location and dimensions of sensors and devices involved needed to be un-
obtrusive; passengers must be unaware of those;
• Sensors and devices had to be integrated in seats of standard dimensions for
economy flights.
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It has been ascertained that not any posture recognition method was implemented
in the past without involving a high number of sensors and intrusive devices,
hence the novelty of this study: we investigated whether it is possible to develop
reliable models for posture recognition with minimae sensor input to satisfy the
requirements. All the requirements mentioned above were met. Also, as integral
part of the recognition methods we classified seated postures and created a Posture
Database which contains subject’s independent parameters distribution for each of
the seated postures; not anything like that was found in literature, nor definition
of parameters involved in such analysis.
The approaches to posture recognition proposed are subject independent; they
required preliminary studies to investigate the relevant parameters involved in the
analysis (better described in the following chapters) and experimental sessions.
They are based on the simultaneous and not use of the following devices: a pres-
sure mat installed on the seat cushion composed by 16 pressure sensors, 2 force
plates installed under the chair, and a video camera system.
The first contribution of this study is, as mentioned above, a Posture Database.
Through the experimental sessions we were able to create a Posture Database
which was the fundament of the approaches proposed. 5 relevant seated postures
were classified and the parameters to describe them recorded in a database; such
parameters are relative to a 2D simplified model of the human body (developed
based on an anthropometric investigation).
The second contribution is the implementation two algorithms.
The first is an analytical approach to posture recognition: given the anthro-
pometric data of a subject the algorithm reconstructs the location of the main
body segments for any of the five postures; by reading data from the force plate
it makes then a guess on the actual posture. The analytical approach is described
in section 5.1.
The second approach is an algorithm based on pattern recognition one. Given
the data contained in the Posture Database and a real time reading from the
sensors it uses the mathematical method of Principal Component Analysis to
analyse patterns and make a guess on the actual posture of a subject. This
approach is described in section 5.2.
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1.2.3 Results
Both methods for posture recognition showed successful results; the first with a
success rate between 75%and 85%, he second one 62% and 95%. All the require-
ments for commercial feasibility were met and the Posture Database successfully
created and stored. Moreover the final system was implemented in a real airplane




Anthropometry is the branch of ergonomics, which deals with body measure-
ments, particularly those of size, strength and physical capacity [50]. Anthropo-
metry plays an important role in industrial design, clothing design, ergonomics
and architecture where statistical data about the distribution of body dimensions
in the population are used to optimise products. Changes in life styles, nutri-
tion and ethnic composition of populations lead to changes in the distribution
of body dimensions (e.g., the obesity epidemic), and require regular updating of
anthropometric data collections.
Several methods of measuring or estimating Body Segments Parameters have
been provided through the use of cadavers [9] experimental methods using living
subjects [18, 64], medical imaging technology [11, 66], and predictive equations
[67, 18]. Many of the predictive equations generated from data using the above
listed methods are based on regression methods or are equations based on geomet-
ric considerations where a few anthropometric measurements are used to generate
BSP information. These models are limited by the methods on which they were
generated as well as the sample population investigated. For instance, cadaver
studies are composed mainly of elderly male Caucasians and few specimens have
been examined in each study. On the other side, results from the various stud-
ies cannot be combined due to differences in segmentation methods [47] and they
have been criticised for the possible differences between living and nonliving tissue.
36
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Evidence suggests that differences in BSPs exist between human populations due
to differences in age, gender, race, and morphology [32, 11]. Jensen and Fletcher
[32] stated that males and females differ in segment mass and inertial characterist-
ics and in the changes thereof throughout the ageing process. Currently, however,
no direct assessment has been performed to determine the magnitude of these
differences between groups, nor has there been an assessment of the accuracy of
the existing estimators on these populations.
Since measurements based on different techniques were found, reporting not
matching conclusions, it was decided to rely on the original data of Clauser et al.
updated by Drillis and Contini for the measures of the BSP.
In the following sections we analyse the distribution of anthropometric meas-
urements among subjects; this part of the study is necessary for the creation of
a model of the human body. Several body models were found in literature and a
more appropriate and simplified one was created for the purpose of this study.
2.2 Anthropometric studies
2.2.1 The statistical distribution of anthropometric data
In most ergonomic applications, it is necessary to make a prevision for the range of
variability, in a particular characteristic, which we expect to encounter in our user
population [50]. This variability may be generally described by a mathematical
function, the normal distribution (see figure 2.1). Plotted horizontally is the
magnitude of the dimensions concerned. Plotted vertically is the frequency, which
we would expect to encounter a person of that particular size, (or the probability
of encountering such a person). If one is talking of normally distributed data, the
curve is symmetrical about the average (or mean) value, which is also the point of
maximum probability. 50 % of the population is smaller then the average, and it is
also known as the 50th percentile (50%le). Equidistant on either side of the point,
are two values, which bracket the middle 90% of the population. The lower of this
value is known as the 5th percentile, and the upper is knows as the 95th percentile.
In general n% of the population is smaller than the n-th percentile. A minority
of anthropometric measurements (particularly body girths) is not symmetrically
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distributed about the mean – in this case the 5th percentile is closer to the 50th
than the 95th. Such a distribution is said to be positively skewed.
Figure 2.1: The normal distribution.
In specifying the dimension of furniture, workstation, etc., it is considered good
practice to design for those members of the user of population who fall between
the 5th and the 95th percentiles in any particular respect. Hence 90% (or in some
cases 95%) of user is accommodated within the design limits. In cases where we
are required to provide clearance for the user, the 95th percentile value of the
relevant dimension should be employed - hence, the 95% of users who are smaller
than this will necessarily be accommodated. By the same token, when dealing with
reach (i.e. switches, door handles etc.) we should use the 5th percentile values –
hence accommodating the 95% of the population. In critical applications, where
a mis-match might have severe consequences; it may be necessary to apply wider
design limits such as the 1st and 99th percentiles. These have not been tabulated
but they may be easily calculated. First is necessary to find a parameter of
the relevant normal distribution, called the standard deviation (s), given by the
equation:
s = (95%le− 5%le)/3.28 (2.1)
The 1st and the 99th percentiles are then given by:
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55%le± 2.33s (2.2)
In exceptional cases, such as the calculation of safety clearances, design limits
of the 50%le ś 3s may be appropriate. Fig. 2.1 shows that extremely large or
small people are increasingly infrequent, the further they depart from the average
(50%le).
The data given in this section are all examples of static measurements made on
unclothed subjects, in standardised postures. The anthropometric characteristic
of any given population are dependent upon a number of factors such as sex, age,
ethnicity, social class / occupation and nutritional status. The figures given in
the table are best estimates, from the current data for the body dimensions of the
general population of Great Britain aged 19 to 65 years. Most of the parameters
were obtained using statistical method, as described in Pheasant [49].
Clothing correction The data given are referred to unclothed, unshoed people.
It is usually necessary; to add some corrections for whatever shoes and clothing
users are likely to be wearing. These are a matter for common sense and discretion.
The following example should serve as a general guide:
- For the heels of shoes, worn outdoors or in semi-formal situations, add 25
mm for man and 45 mm for women, to all standing or sitting dimension measured
from ground level. For ordinary street shoes add 30 mm to the length of the foot.
- For heavy outdoor clothing add 40 mm to the shoulder breadth and other
dimension concerned with clearance and access. In general, no corrections are
required for ordinary indoor clothing (other than shoes, as given above).
See table 2.1 for body segments dimensions.
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Men Women
5th 59th 95th 5th 59th 95th
%le %le %le %le %le %le
Body weight (kg) 55 75 94 44 63 81
1 Stature 1625 1740 1855 1505 1610 1710
2 Eye height 1515 1630 1745 1405 1505 1610
3 Neck height 1375 1485 1595 1280 1375 1470
4 Shoulder height 1315 1425 1535 1215 1310 1405
5 Chest height 1175 1270 1365 1080 1170 1255
6 Elbow height 1005 1090 1180 930 1005 1085
7 Hip height 840 920 1000 740 810 885
8 Knuckle height 690 755 820 660 720 780
9 Fingertip height 590 655 720 560 625 685
10 Sitting height 850 910 965 795 850 910
11 Sitting eye height 730 790 845 685 740 795
12 Sitting shoulder height 540 595 645 505 555 610
13 Sitting elbow height 190 245 295 185 235 280
14 Thigh thickness 135 160 185 125 155 180
15 Buttock-knee length 545 594 645 520 570 620
16 Buttock-popliteal length 440 495 550 435 480 530
17 Knee height 495 545 595 455 500 540
18 Popliteal height 395 440 490 355 400 445
19 Shoulder breadth (bideltoid) 420 465 510 355 395 435
20 Shoulder breadth (biacromial) 365 400 430 325 355 385
21 Elbow-elbow breadth 390 450 510 300 385 475
22 Hip breadth 310 360 405 310 370 435
23 Chest depth 215 250 285 210 250 290
24 Abdominal depth 220 270 320 205 255 305
25 Shoulder-fingertip length 720 780 840 655 705 760
26 Shoulder-elbow length 330 365 395 300 330 360
27 Elbow-fingertip length 440 475 510 400 430 460
28 Span 1665 1790 1925 1490 1605 1725
29 Elbow span 865 945 1020 780 850 920
30 Vertical reach 2040 2170 2300 1895 2010 2125
... ... ... ... ... ... ...
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Men Women
5th 59th 95th 5th 59th 95th
%le %le %le %le %le %le
Body weight (kg) 55 75 94 44 63 81
... ... ... ... ... ... ...
31 Sitting vertical reach 1255 1355 1455 1150 1255 1340
32 Horizontal reach 835 890 945 760 810 860
33 Hand length 173 189 205 159 174 189
34 Hand breadth (metacarpal) 78 87 95 69 76 83
35 Hand breadth (including thumb) 97 105 14 84 92 99
36 Hand girth 201 216 236 169 184 199
37 Palme length 98 107 116 89 97 105
38 Index finger length 64 72 79 60 67 74
39 Index finger breadth 19 21 24 16 18 20
40 Hand thickness at palm 27 33 38 24 28 33
41 Hand thickness (including palm) 44 51 58 40 45 50
42 Maximum grip diameter 45 52 59 43 48 53
43 Foot length 240 265 1855 215 210 235 255
44 Foot breadth 85 95 80 80 90 100
45 Foot girth 220 245 210 210 225 245
46 Heel-ball length 175 190 160 160 175 190
47Ankle height 60 70 55 55 65 75
48 Head length 180 195 205 165 180 190
49 Head breadth 145 155 165 135 145 155
50 Head height 205 225 240 200 220 240
51 Head girth 535 565 590 525 550 575
52 Ear-ear breadth 125 135 145 120 130 135
53 Inter-pupillary breadth 55 60 70 55 60 65
54 Maximum diameter from chin 240 255 265 225 235 245
55 Nose-back of head 205 220 235 190 205 220
56 Coronal arc 330 350 375 315 340 360
57 Sagittal arc 350 380 405 325 350 375
58 Neck girth 345 375 425 335 365 415
59 Chest girth 840 950 1110 820 935 1135
60 Underbust girth – – – 675 775 940
61 Waist girth 705 805 965 565 685 885
62 Hip girth 890 965 1060 885 985 1165
63 Waist length 905 1075 1150 920 1005 1085
64 Crotch height 760 840 920 675 750 825
65 Waist front 360 410 460 305 355 405
... ... ... ... ... ... ...
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Men Women
5th 59th 95th 5th 59th 95th
%le %le %le %le %le %le
Body weight (kg) 55 75 94 44 63 81
... ... ... ... ... ... ...
66 Waist back 390 450 510 365 405 445
67 Interscye 320 375 425 305 350 395
68 Sleeve-length (spine-wrist) 810 875 940 735 790 835
69 Maximum body breadth 480 580 580 355 420 485
70 Maximum body depth 255 325 35 225 275 325
71 Kneeling height 1210 1380 1380 1130 1205 1280
72 Buttock-heel length 985 1160 1160 875 965 1055
Table 2.1: Anthropometric estimates for British adults (19 – 65 years) Dimensions
given in mm. Percentiles rounded to nearest 5 mm, as appropriate [50].
Body link proportions A simplified body segments’ study was conducted
in the past years and the measures of the pricncipal body segments presented.
Several authors provided an ’average’ set of ratios for segments length to height,
as shown in fig. 2.2. Clauser et al. [12] provided additional practical data for the
determination of body segments length based on the study of several cadavers.
However, there is still a need for comprehensive studies of the whole body, de-
scribing the entire set of body links in three-dimensional coordinate systems with
consistency and statistical validity.
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Figure 2.2: Body segments length expressed as ratio of the body height. H=height
of standing subject. (Drillis and Contini [18])
Various simplified link systems have been proposed for the development of
mathematical models, using available data and engineering approximation meth-
ods. From Drillis and Contini data [18], updated by Clauser et al. [12], we can
obtain the relevant body segments lengths as showed in the following table 2.2:




Upper arm 0.186 H
Fore arm 0.146 H




Table 2.2: Relevant body segments lengths, from Drillis and Contini data source,
expressed as the ratio of the total body height H.
Centre of mass of the whole body Location of the centre of mass (COM)
of the whole body is dependent on limb positions. It is frequently useful to know
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the distance of the body centre of mass from the feet for the standing subject
as this distance is related to the balance. Drillis and Contini [18] found a range
from 55.35% to 60.40%, with a mean of 56.8% and a standard deviation of 1.39%.
Clauser et al. [12] report a range of 56.69% to 60.1%, a mean value of 58.81% and
a standard deviation of 1.14%.
Body segment mass and centre of mass Values of the ratio of segmental
mass to total body have been reported in five different cadaver studies and are
compiled in table 2.3. The location of the centre of mass of a given segment is
usually positioned on the centre line of the segment, at a given distance from its
proximal end of this segment. This distance is commonly expressed relative to the
total segment length. Table 2.4 lists such ratios as reported in five cadaver studies.
It shows that the centre of mass of each segment is, in most cases not exactly in
the middle of the centre line of the segment, but located more proximally to the
body.
2.2.2 Existing body models
The human body can be represented by a series of points and segments, to create
a biomechanical link-segment model. The accuracy of any assessment is only
as good as the model itself. Accurate measure of segment masses, COM, joint
centre and moment of inertia are required. Such data can be obtained from
statistical tables based on the person’s weight, height and gender. Regardless to
the anthropometric data, some assumptions are imposed:
• Each segment has a fixed mass located as point of mass at its centre of
gravity.
• The location of the centre of gravity remains fixed during the movement.
• All joints are considered hinge (pin) joints.
• The moment of inertia of each segment about its mass centre (or about
either proximal or distal joints) is constant during the movement.
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The most complex step in body modelling is the process to of segments’ definition
[27]. A segment has its mechanical identity (inertial properties). It can normally
perform both linear and angular motion, depending on the joint constraints. A
segment has the following properties:
• Type: point, simple and complex;
• Definition of the segment through distal and proximal points;
• Inertial properties such as mass, COM location and principal moments of
inertia;
• Segmental reference frame.
Three segment types are defined: point, simple and complex. A point segment
is defined by a point while a simple segment is defined by at least two points. A
simple segment requires a distal point and a proximal point. The vector drawn
from the proximal end to the distal end is used as the segment vector of the
segment. A complex segment such as the trunk requires two distal points and two
proximal points and the vector drawn from the mid-point of the proximal points
to the mid-point of the distal points is used as the segment vector. The points




Vector Axes of the global frame
Axes of the previously defined
segments Segment vectors
Different models that represent the whole human body have been developed
in the past. They can be more or less accurate; it depends on the aim of the
research [41]. Consideration of two models will form the basis of the next sections
and of our simplified body model.
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2.2.2.1 Hanavan model
One of the most accurate body models is the geometric human body model de-
signed by Hanavan [27]. Hanavan’s work was a part of the USA space programme
designed to improve the performance of self-manoeuvring spacecraft by establish-
ing a mathematical model to predict the inertial properties (mass centre location-
and moments of inertia of body segments) of the human in several quasi-static
postures. The model was based on experimentally determined mass distributions
and the anthropometry of the person concerned. No account was taken of changes
in inertial properties during a change in body position. The model incorporated
the following assumptions.
• The segments can be represented by rigid bodies of simple geometric shape
and uniform density. In reality, segments do not have uniform density or
shapes as simple as those of Hanavan’s model, which probably accounts for
most of the errors in the model. The rigid body assumption is necessary to
reduce the indeterminacy of the resulting equations in a motion simulation.
• The regression equations for segment weights were valid for the Air Force
population considered; this was a fit male population only.
• Movements of the segments occurred about fixed joint axes. This may well
be true, but requires the accurate location of the axes of rotation, which are
not necessarily coincident with the cardinal axes.
CHAPTER 2. SEATED POSTURE MODELLING 49
Figure 2.3: Body segments representation in the Hanavan model.
The model consisted of 15 segments (figure 2.3) of simple geometry; the head was
a circular ellipsoid of revolution, the two trunk segments were elliptical cylinders,
the hand was a sphere and the other segments were all frusta of circular cones.
Twenty-five anthropometric measurements were needed to dimension the model.
The model was validated in a series of relatively simple, symmetrical body posi-
tions for which experimental results were available from 66 subjects for the whole
body inertial parameters. With the exception of one of the positions studied,
where the experimental controls appeared to be poor, the values of whole body
mass centre location were such that only 50% of the predicted model horizontal
and vertical locations were within 1.3 cm and 1.8 cm respectively of the experi-
mental data. The errors in the moment of inertia values were greater, with only
half of the values about the two horizontal principal axes being within 10% of
experimental values, even ignoring the two worst positions. For the vertical axis,
a discrepancy of less than 20% occurred for only half of the data. Comparisons
were also made between the mass centre locations and relative segment densities
for model segments and the cadaver data of Dempster [17]. The errors in the
average values of the former were quite low, except for the head–torso and upper
arm, while discrepancies in the latter were as high as 10% with an even greater
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number of errors for the foot. The model had the simplicity and the small num-
ber of measurements needed to specify its parameters that the ‘keep it simple’
modelling principle requires.
2.2.2.2 Hatze’s anthropometric model
Hatze [29] claimed that his model (figure 2.4) had several advantages over others
then available. These included its allowance for sex difference through the use of
different density functions and mass distributions; its modelling of the dynamically
separate shoulder girdle segments; and the fact that segments had neither simple
shapes nor assumptions about symmetry. The major assumption is the necessary
one of segmental rigidity, which Hatze estimated to result in a maximum error of
6%. The model had the same segments as that of Hanavan plus the two shoulder
girdle segments; it was dimensioned through 242 anthropometric measurements.
Figure 2.4: Body segments representation in the Hatze model.
The segments in the model were subdivided into subsections of known geo-
metric structure, each having a specified density; by this means the model in-
corporated density distributions along and across segments. Lower legs and fore
arms were composed of 10 elliptical cylinders of equal heights and different dens-
ities; the thighs and upper arms were similar, but with modifications to represent
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the moving parts of the buttocks and the head of the humerus respectively. The
hands were modelled in the grip position, and consisted of a prism and a hollow
half-cylinder to which an arched rectangular cuboid was added to represent the
thumb. The feet consisted of 103 unequal trapezoidal plates, each having non-
linearly varying density. The head-neck segment consisted of an elliptical cylinder
to represent the neck and a general body of revolution for the head. The latter was
used in preference to the ellipsoidal model of the head, which Hatze claimed under
estimated the mass of that segment by 23%. The models of the shoulder girdle,
two trunk segments and buttocks were geometrically very complicated [29]. In
the buttocks, thighs and calves, the density difference between males and females
was taken into account.
Segmental models of the human body are a necessary part of the overall process
of posture recognition. Such models should only be as complex as necessary for
the postures for which they are intended. These models also require the location of
the centre of mass. The simplified body model adopted for this study is presented
in section 2.2.3.
2.2.3 Simplified body model
We are going to consider some of the body segments mentioned above as a single
entity (i.e. upper arm, forearm, and hand simply as ’arm’). A segment group or
a group of segments, such as the whole body or the right leg, has its own COM.
A reference frame can be defined and assigned to a segment group if necessary.
A segment group is simply a collection of segments and different groups do not
need to be mutually exclusive. In fact, they may overlap.
The body segment parameters refer to the inertial parameters of the body
segments, such as mass, COM location and three principal moments of inertia.
COM location is used in computing the location of the segmental COM. Segmental
masses along with the segmental COM positions are used in computing the COM
of the system of rigid bodies such as the whole body.
What is relevant to our aim is the location of the body segments and the angles
between them (two at the time). In the next section a detailed description of this
parameters is presented.
CHAPTER 2. SEATED POSTURE MODELLING 52
2.2.3.1 Body segments
A first sketch of the human body used within this study is presented in figure 2.5.
A further simplification will follow in chapter 5.
Figure 2.5: Body segments of the simplified body model. 1. Head (red); 2. Neck
(blue) 3. Trunk (yellow) 4. Right Upper Arm (pink) 5. Right Forearm (green) 7.
Right Thigh (light blue) 7. Right Leg (white) 8. Right foot (orange).
The term proximal (Latin proximus; nearest) is used in the following chapters
to describe where the appendage joins the body, and the term distal (Latin distare;
to stand away from) is used for the point furthest from the point of attachment to
the body. Since appendages often move independently of (and therefore change
position with respect to) the main body, these separate directional terms are used
when describing them. The proximal end of a segment is the joint connection with
the previous segment (with reference at the segments numbers) and the distal end
is the opposite end of the segment, the joint connection with the following segment.
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Figure 2.6: Example of proximal and distal end of a generic body segment.
2.2.3.2 Body angles
Generally the analysis of seated postures could be dealt with by considering a
variety of parameters, for example the pressure distribution on the seat cushion,
or the postural angles that can be obtained by photographic techniques or by
opto-electronic systems. They are helpful for evaluation of the joint ranges of
comfort [1]. With a 2D positioning of markers placed on the anatomical points of
a subject (i.e. segments joints), a class of postural reference angles was computed.
The angles investigated for analysing sitting postures are determined by the
body segments (see figure 2.7):
1. head - neck,
2. trunk - neck,
3. trunk - upper arm,
4. forearm - upper arm,
5. thigh - trunk,
6. leg - thigh,
7. foot - leg.
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Figure 2.7: Angles identification on the biomechanical model in the sagittal plane.
2.3 Classified postures
In order to classify the postures that we are going to investigate, analyse, and
recognise some considerations had to be made and some restrictions have to be
taken into account.
• Cabin seats offer limited space around the passenger; current economy air-
lines seat dimensions are:
– seat pan width between 43 and 48 cm;
– seat pan depth between 40.5 and 43 cm;
– seat pitch (an indication of legroom, referring to the space between a
point on one seat and the same point on the seat in front of it) between
74 and 81 cm.
In figure 2.8 and table 2.5 the masers of above are reported for an easy visualisa-
tion.
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Segment Description Dimensions (cm)
a Seat pan width 43÷ 48
b Seat pan depth 40.5÷ 43
c Seat pitch 74÷ 81
Table 2.5: Seat parameters dimensions for current economy airlines. [1]
Figure 2.8: Seat dimension parameters. a: seat panwidth; b: seat pan deph; c:
seat pitch.
• The aim of Posture Recognition performed within this study is, beyond the
recognition of the posture of the passenger, the extraction of information
about its activity.
A separated module of the SEAT project analyses the passenger temper-
ature sensation: the metabolic rate of a person depends on the activity it
undertakes at the moment, and strongly influences its thermal sensation (an
example of metabolic rate is reported in table 2.6); for an accurate thermal
sensation analysis (essential part of comfort in a personalised environment)
the activity level is a necessary information. Moreover, activity influences
the heart rate or the stress level of the subjects, parameters involved in
the SEAT project. Activity information are extrapolated from the posture
analysis; each posture analysed within the Posture Recognition Module is
associated to a level of activity. The activities were classified based on their
level of intensity: ’Very Low’, ’Low’, and ’Light’ (see table 2.6). An object
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of the shape of a table was places in front of the seat at a specified distance




Reclining 46 Very Low




Table 2.6: Metabolic rate as function of the activity for mean body subject.
Hence, there is no need of a fine posture classification and we can discard
elements like sideway leaning or crossing legs, falling into a 2D set up of the
problem: we analyse the passenger in his sagittal plane, discarding the recognition
of sideways leaning or sideways unbalanced postures. We built the recognition
system in a way that those non-symmetrical postures will fall into the relative
symmetrical one. More will be discussed in chapter 5.
Pilot tests were conducted in the laboratory in order to perform a preliminary
analysis on seated postures.
The seat in the laboratory was built reproducing the dimensions given within
the SEAT project (the seat based on the dimensions reported in table 2.5). The
dimensions of the seat used within our experimental sessions are reported in table
2.7 and shown in figure 2.9.
Segment Description Length (cm)
a Seat pan width 48
b Seat pan depth 43
c Backrest width 48
d Backrest height 70
e Front border height 33
f Armrest height 63
Table 2.7: Dimensions of the seat used in the laboratory within the experimental
sessions.
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Figure 2.9: Schematic representation of the seat used in the laboratory within the
experimental sessions.
Within the preliminary studies several subjects were asked to seat on the chair
and assume any posture they considered comfortable that they would undertake
on an airplane seat, without further requirements nor explanation. It was noticed
that there was not a wide variety of postures assumed by the subjects and that
they can be reduced to few main ones. Those are hence related to a level of
activity. The activity analysis will be discussed in section 6.3.
Based on literature (see section 2.3), on the purpose of the present study, and
on the consideration of above, five different postures were analysed. The analysed
postures are reported and described in the following tables. In chapter 5 body
segments and angles for the following postures will be defined.
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Posture Name Description Schematisation
1 Upright No contact between
the back and the
backrest, or slight
contact
2 Leaning Backward Body leant backward
with contact on the
backrest.
3 Leaning Forward Body leant forward,
arms on the knees.
4 Slouching Body stretched.
5 Edge Body in upright
posture; pelvis is
moved forward
towards the edge of
the seat.
Table 2.8: Relevant postures analysed in the present study.
To mathematically describe the classified postures we represented the body
with three main segments: Upper Body, Middle Body, Lower Body. See figure
2.10. Each posture is then described by the angles αi (i = 1, 3) (see figure 2.11
): α1 is the angle between the body segment 1 and a vertical line parallel to the
z axis, α3 is the angle between the body segment 3 and a vertical line parallel to
the z axis. Further preliminary studies were conducted to we visually analysed
the range of values that αi assumes: 10 subjects were asked to seat and undertake
this time the five postures, one at the time, in the way that more comfortably
suited them, without any further limitation. The range of variation of the angles
alphas between the subjects was measured and reported in the table 5.8. It was
noticed that there was no evident relation between the posture undertake and the
position of the calves of the subjects (no evident relation between the posture and
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the value of α3); on the other side, α3 was measured not to assume a value above
or below 25◦ with respect to the vertical. With respect to the images showed in
2.8, we defined each posture by assigning a value to the angle between the body
segment 1 and a vertical line (α1) ; within the tests with subjects we verified that
those assigned values of α1 were matching well the interpretation of the postures
by the subjects. A margin of oscillation was introduced. In table 2.9 the postures
are hence defined by the values of the angles alphas.
Angles for Posture 4, ’Slouching’, were not defined since such posture was
found to be very subjective. For further details see section 5.1.2.
Figure 2.10: Main body segments. 1: Upper Body (blue); 2: Middle Body (red);
3: Lower Body (yellow).
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Figure 2.11: α1 and α3 angles: they represent the angles between the relative body
segment (1 or 3) and a vertical axis parallel to z. They are used to determine the
postures reported in table 2.8 and their value are showed in table 2.9.
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Posture Description α1 α3
1 Upright: Body Segment 1
and Body Segment 3 are
aligned with the vertical
0◦ ± 5◦ 0◦ ± 25◦
2 Leaning backward: Body
Segment 1 is slightly leant
backward with respect to
the z axis; Body Segment 3
is aligned with the vertical.
−10◦ ± 5◦ 0◦ ± 25◦
3 Leaning forward: Body
Segment 1 is remarkably
leant forward and Body
Segment 3 is aligned with
the vertical.
45◦ ± 5◦ 0◦ ± 25◦
4 - - -
5 Sitting on the edge: Body
Segment 1 and Body
Segment 3 are aligned with
the vertical.
0◦ ± 5◦ 0◦ ± 25◦
Table 2.9: Values of α1 angle for different postures. It represents the inclination
of Body Segment 1 with respect to the z axis. α3 is not relevant to the definition
of the posture but it stays within a range of −25◦ ÷+25◦ from a vertical line.
2.4 Posture recognition methods
As outlined above, the aim of the present study is to identify seated postures that
can be assumed on airplanes by analysing the seat occupant through a pressure
mat, a force plate and, in addition, a camera. An analytical approach and a
pattern recognition approach are presented. Pressure Distribution on the seat
cushion and Ground Reaction Forces (GRF) are analysed; we evaluated whether
they are sufficient for posture recognition or the addition of extra information,
such as images, is unavoidable. A simple description of the protocol we proceeded
with for the the static seated posture analysis is presented in the following scheme
(figure 2.12); the scheme is a simplified diagram, more details will be presented in
the following chapters. Unless any specification is given, “sensors data acquisition”
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is generally referred to any device used in the experimental session (pressure mat,
force plates, or camera).
Figure 2.12: Diagram of the Posture Recognition process.
Three main steps are highlighted:
1. Posture Database:
(a) After preliminary tests and the classification of the postures as de-
scribed in section 2.3, we conducted experimental sessions to meas-
ure and analyse the parameters relevant to the Posture Recognition.
Within such experiments we collected data from several subjects un-
dertaking the pre-classified seated postures;
(b) A statistical analysis of the raw data acquired within the experimental
sessions was conducted. This allowed us to evaluate the reliability of
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the data, their distribution, to locate data affected by errors, to dis-
card erroneous data (temporary malfunctioning of the sensors, broken
sensors, etc.), etc.
(c) A Posture Database containing the parameters’ distribution for each
posture was created and stored.
2. Unfamiliar subject data acquisition: data acquired with an unfamiliar sub-
ject are collected and processed in order to be analysed and the subject’s
posture determined.
3. Posture analysis : given a random data distribution from an unfamiliar sub-
ject and the Posture Database, the posture recognition algorithm imple-
mented within the present study recognises the posture that a subject is
assuming in real time. Algorithm description and results are presented in
chapter5.
To be noted that Posture Database does not run in parallel to the Unfamiliar
subject data acquisition and Posture Analysis. Posture Database is stored in-
formation uploaded in the algorithms. It can be eventually updated when more





There is relatively small number of studies on posture recognition methods. They
tend to use a large number of pressure sensors placed on the seat pan and the
backrest [64, 58, 67].
For the present study a small number of pressure sensors was used and the
back-rest of the seat was not involved so to leave it available for the integration of
other sensors, i.e. temperature and humidity sensors for temperature monitoring
of the users (this is part of the physiological monitoring of the passenger within
the SEAT project); the use of force plates was introduced; image analysis was also
conducted. A description of the devices used within the overall posture recognition
method is described in the following paragraphs.
3.1.1 Pressure mat
When sitting, the body’s weight is mainly distributed on the seat cushion; such
distribution depends on the posture undertaken. If a pressure mat is mounted on
the seat cushion, the analysis of the pressure distribution determined by the body
mass gives information about the person’s posture undertaken at the moment.
In the following paragraphs a detailed description of the device used to analyse
pressure distribution is given.
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3.1.1.1 Device
The pressure sensor mat was incorporated into the seat cushion. It is a key issue
to make the user not aware of the pressure mat (or any other device or sensor):
this demands that the seat is made of several layers so that the sensor mat can be
fitted in between layers. The pressure measurement system used for the present
study has been developed in collaboration with INESCOP, partner company of the
SEAT project. Under the specific requirements of above, INESCOP developed and
produced the pressure mat for our study. The mat consists of 16 inductive sensors
that, depending on the amount of pressure exerted, respond with increasing mV
output values. The sensors are arranged in a 4x4 matrix leaving holes in between,
which facilitate transpiration. A basic schematic of the design is shown in figure
3.1 and figure 3.2. One should notice that the schematic in figure 3.1 shows a
6x6 sensors matrix, whereas the utilised matrix only consists of 4x4 sensors. The
sensors are connected through strings of copper wires. The sensors themselves are
built over a small board. A top cover is added to the sensors and the strings.
Figure 3.1: Pressure mat structure.
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Figure 3.2: Pressure sensors dimensions.
The technical characteristics of the sensors are presented:
• Sensitivity: 0.01 N/cm2;
• Thickness: 3 to 4 mm;
• Area of the sensors: 30 x 30 mm;
• Dimension of the mat: 354 x 360 mm;
• Frequency of acquisition: 0.33 Hz.
Some problems occurred after several trials and a repeated testing of the mat.
Due to a high number of working cycles which the mat was subjected to, the con-
ventional copper wires got damaged and the functioning of some of the sensors
was compromised. The mat was then fixed by INESCOP and improved by repla-
cing the copper wires with stainless steel ones. The latter are more robust so no
further breaking occurred.
3.1.1.2 Pressure mat positioning and functioning evaluation
When integrated in the seat pan, the pressure mat sits on the cushion foam.
Different foams provided by a textile company working at the SEAT project have
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been tested, of different densities, in order to choose the appropriate one for a good
compromise between comfort during sitting and well functioning of the sensor. A
low density foam does not allow the sensor to react when pressure applied; a high
density foam might not feel comfortable. Some tests were conducted.
Foam density: 75 kg/m3 During a preliminary analysis with few volunteer
subjects, it was noticed that the response of the sensors was quite different when
approximately the same pressure distribution was applied; the variance between
data of several trials for the same pressure conditions was high. Since sensors
do not have an stiff surface underneath on which to react, the response is very
variable. It was decided then to discard the actual foam and test a higher density
one as described in the next paragraph.
Foam density: 200 kg/m3 With a foam of 200 kg/m3 density the sensors
showed a better response. Several trials with volunteers showed that the response
of the sensors to same pressure applied was robust, showing an accurate reliability.
Since a well functioning of the devices is more relevant than comfort requirements,
the hard foam was chosen. Also, the high density foam allows more stable pos-
tures.
The pressure mat was placed on the chosen foam and integrated in the seat
cushion as described below. Some extra fabric layers were used in order to mask
the presence of it to the user.
The red dots in figure 3.3 indicate where the sensors are, underneath the
cushion case; letters and numbers indicate the orientation of the sensor matrix.
The distance between the first row of sensors (red line: sensors A1, B1, C1, D1)
and the intersection of the backrest with the seat cushion is 7 cm . The last line of
sensors (blue line: sensors A4, B4, C4, D4) lies exactly on the edge of the cushion.
The wires pass underneath the backrest pillow at the centre back of the seat as
one can see in figure 3.5. The pressure mat was covered by a thin layer of soft
fabric and a washable case.
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Figure 3.3: Pressure mat integrated in the seat cushion. The red markers indicate
the location of the sensors; their labels are also shown.
Figure 3.4: Positioning of the pressure mat in seat cushion.
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Figure 3.5: Inner layers of the seat cushion. The pressure mat is placed on the
foam of 200 kg/m3 density and covered by a thin layer of fabric. The red circle
shows the exit of the wires through the back of the seat.
Sensors’ name, location, and dimensions are shown in the following scheme:
Figure 3.6: Pressure sensor representation and labelling.
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Total cushion surface (48 x 43) cm = 2064 cm2
Total pressure mat surface (35 x 36) cm = 1260 cm2
Sensor surface (3 x 3) cm = 9 cm2
Table 3.1: Seat cushion and pressure mat dimensions.
Once the pressure mat was integrated in the seat cushion, the cushion was
placed and fixed on the seat frame and the cable connected to a PC. (Figures 3.7
and 3.8)
Figure 3.7: Front view of the seat with sensored cushions.
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Figure 3.8: Lateral view of the seat with sensored cushions.
The time response of the sensors was investigated, in order to evaluate whether
the sensors react immediately when a pressure is applied and released. In figure
3.9 can be seen that the response was sufficiently fast: approximately 1 second
needed to reach the final value and when the pressure is released the value return
to zero in 1 second. It was concluded than the speed of the response is sufficiently
to ensure an accurate measurements since we are investigating steady quasi-static
postures.
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Figure 3.9: Sensors response to the application of a general instant force. The
graph wants to show how fast each sensor reach the value and then goes back to
zero.
Finally, as a preliminary investigation of sensors robustness and reliability we
evaluated the linearity of their response. It needs to be highlighted that the study
is aimed to obtain stable pressure patterns and not accurate pressure values. This
is necessary to avoid passengers’ participation in tedious calibration procedures,
characteristic of the available commercial systems.
The reliability tests were conducted by placing circular weights on a single
sensor at the time in a mass range of 0.2 to 0.9 kg. Tests procedure was the
following:
1. Data were acquired with no mass applied on the sensors;
2. Increasing mass (0.2, 0.4, 0.6, 0.9 kg) was placed on one sensor at the time,
and values recorded;
The two steps of above were conducted three times. The pressure sensors prelim-
inary tests showed a good linear behaviour of the sensors: the mat functioning
was considered reliable for a pressure data pattern analysis. See appendixA for
details.
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3.1.2 Force plate
3.1.2.1 Ground Reaction Forces
The ground reaction force is an important external force which constantly affects
the human motion. Force-plates are commonly used in measuring the ground
reaction forces. Kistler piezoelectric force plates are considered the gold standard
for GRF measurement. Their use in the project is outlined below.
Ground Reaction Forces (GRFs) are one of the outputs of force plate devices.
Figure 3.10 is an example of GRF exerted by a foot on the force plate. It shows
the reference frame of the force-plate, with the Z- axis being the vertical. The
interaction between the body and the ground occurs through the foot as shown
in Figure 3.10 b, which shows the reaction force vectors acting on small areas.
A force-plate normally has four tri-axial force sensors embedded that measure
the force acting between the foot and the ground in three axes: transverse (X ),
anteroposterior (Y ), and vertical (Z ). Figure 3.10c shows the four reaction force
vectors measured by the sensors. The sum of all the reactions from the ground
shown in Figure 3.10 b is equivalent to the sum of the four forces measured by
the sensors (F1, F2, F3, and F4) shown in Figure 3.10 c. Thus, system (b) is
equivalent to system (c).
Figure 3.10: Force plate reference system and force plate sensors position [40].
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Figure 3.10 d shows a single force, F (F1 + F2 + F3 + F4), and a torque, Tz.
F here is the ground reaction force. Tz shown in the figure is the so-called free
torque and has the vertical (Z ) component only. The free torque is caused by the
coupling effects of the forces about the vertical axis. System (d), F + Tz, is again
equivalent to system (c). The ground reaction force has three components: Fx, Fy
and Fz. Among these, Fy is along the direction of the motion, which reflects the
propulsive or braking force. Fz always thrusts the body upward. Form a point of
view of the body, in Figure 3.11 one can see the coronal (xz ), sagittal (yz ), and
transverse (xy) plane.
Figure 3.11: Coronal (1), Sagittal (2) and Transverse (3) plane of the human
body.
3.1.2.2 Centre Of Pressure
The COP is defined as the point of application of the resultant force between
two contacting surfaces, such as a body and a floor surface (see figure 3.10d).
Moreover, when that surface is the only support for the body in balanced static
postures (e.g. feet in standing), the position of the COP actually reflects the pro-
jection of the centre of gravity (COG) on the ground plane[5]. In order to analyze
the in-chair movements of the COP the following two underlying assumptions
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about the COP: the first assumption - that most of the body weight is supported
by the seat - implies that the COP of the forces at the buttock-chair interface
reflects the COG; second, the dynamic component of sitting (i.e. acceleration) is
assumed to be negligible compared to the static component, implying that seated
positions can be assumed to be a series of static postures - in which case, once
again, the COP reflects the COG. If the first assumption was violated, such that
there were substantial loads placed on the backrest and feet, the COP of the
buttock-chair interface would not necessarily be vertically aligned with the COG.
This would be true even under conditions of static equilibrium. In other words, a
violation of the first assumption would mean that the body weight vector which
passes through the COG would not necessarily be collinear with the reaction force
passing through the COP of the buttock-chair interface, if there were substantial
reaction forces at the feet and/or back. If the second assumption was violated,
and the body experienced a significant angular acceleration during the course of
its movement, the COG would not necessarily remain vertically aligned with the
COP of the buttock-chair interface. This would be true even if all the body weight
was supported by the seat. In other words, a violation of the second assumption
would mean that the body weight and buttock-chair reaction force vectors would
no longer have to be collinear to satisfy the conditions of static equilibrium. To
have a better idea of what COP is, here an example. As shown in figure 3.10 (a)
all the forces acting between any mass (in the picture b a foot) and the ground
(force plate) can be summed to yield a single ground reaction force vector (F) and
a free torque vector (Tz), (d). The point of application of the ground reaction
force on the plate is the COP. All the small reaction forces collectively exert on
the surface of the plate at the COP.
3.1.2.3 Equipment
During the experimental session conducted for this study two force plates were
used (type 9281CA Kistler Instruments AG) [38].
In Table 3.2 the technical specifications of Kistler force plates are described.
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3.1.3 Image based system
For the analysis of body segments angles and spactal coordinates of the joints
between the segments a Sony DCR VX2000E high speed camera was used. Since
the body angles are measured from a lateral view of the seat and the subject, a
2D measurement was considered as sufficient, as explained before.
3.1.4 Softwares
The SIMI_Motion software has been used to record and analyse the results of the
force plates and the camera recorder. Simi Motion is a motion analysis software.
Its modules are 2D or 3D kinematics (image based motion analysis), inverse dy-
namics and support for several DV (DV is a format for the digital recording and
playing back of digital video) or high-speed video cameras and for EMG (Elec-
tromyogram), force plates, pressure distribution measuring equipment and other
devices. All the modules are integrated into a user-friendly, intuitive graphical
user interface which also includes functions such as reports, algorithms, filters
and smoothers, phases and events and extensive export options. Analog data
acquired simultaneously can be automatically synchronized with the video re-
cording. Video material which has been recorded previously can also be used.
Simi Motion is used in a wide variety of areas: it has been developed for use in
biomechanics, sports science, neuroscience, veterinary medicine, materials science,
space research and many other fields. Simi Motion 2D/3D captures movements
with any number of arbitrarily positioned DV or high-speed cameras. The 2D or
3D data of selected points (paths, velocities, accelerations) can be calculated from
the recorded videos and illustrated in diagrams synchronized with the video. In
analysing human movement, inverse kinematic calculations based on certain ana-
tomical markers can also be performed to provide the following data: segment cen-
ters (local/global), joint centers (local/global), segment rotations (local/global),
joint rotations (local/global), constraining forces (local/global), resistive torques
(local/global), muscle torques (local/global), external forces (local/global), ex-
ternal torques (local/global), external leverage (local/global). All the data can be
used for further calculations or exported to other programs. In addition the center
of gravity can be calculated using various scientific models (Clauser, Dempster,
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and Hanavan).
Custom built software has been used for the pressure measurement system.
3.2 Methodology
A pilot study was conducted with several subjects to establish the postures listed
in 2.3. The sensored cushion (as described in section 3.1.1.2) was placed on the
high density foam and a soft layer of fabric was placed on top for comfort. It
can be seen in figure 3.12 that the seat is positioned on two force plates, one just
underneath the seat itself, and the second one positioned in front of it, where
the feet of the person lie; they are called, from now on, FPs (Force Plate Seat)
and FPf (Force Plate Floor). The camera was placed on the right hand side of
the seat, pointing perpendicularly to the sagittal plane, and at a distance from
which the entire body is visible in any posture. All the devices were connected to
a computer where all the softwares (pressure measurement software, force plates
software, image recording software) were running at the same time.
Figure 3.12: Sensored seat: the camera is positioned on the right hand side so to
have a 2D view of the user and the seat.
Seat dimensions, as reported in table 3.3, are indicated below:
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Figure 3.13: Schematic representation of the sensored seat used in the experi-
mental sessions.
Segment Description Length (cm)
a Seat pan width 48
b Seat pan depth 43
c Backrest width 48
d Backrest height 70
e Front border height 33
f Armrest height 63
Table 3.3: Seat dimensions.
3.2.1 Subject selection
After preliminary studies and experiments conducted in the past, when 6 subjects
participated, a final session was conducted with 17 participants, chosen among ac-
quaintances. They are referred to by numbers in order to guarantee anonymity.
In table 3.4 the relevant characteristics are listed; their weight is between 42.59
and 111.52 kg, and height between 1.43 and 1.88 m. From the statistical anthro-
pometric data, the height range of the male subjects covers the 75% of the male
population; the height of the female subjects cover approximately 60%, based om
data from Drillis and Contini.
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Subject Gender Height [m] Weight [kg ]
1 Male 1.80 81.68
2 Female 1.74 66.91
3 Male 1.92 109.11
4 Male 1.76 59.2
5 Male 1.69 62.81
6 Male 1.84 85.96
7 Female 1.63 56.85
8 Female 1.73 66.90
9 Male 1.78 111.52
10 Male 1.80 83.43
11 Male 1.76 87.12
12 Male 1.88 105.73
13 Female 1.60 59.33
14 Female 1.70 78.80
15 Female 1.65 52.77
16 Female 1.43 42.59
17 Male 1.82 84.24
Table 3.4: anthropometric characteristics of the 17 subject involved in the exper-
imental session.
3.2.2 Experimental set up
3.2.2.1 Force plates
The settings for the force plates data collection are listed in the following:
• Acquisition time: 10 seconds;
• Sampling frequency: 100 Hz;
• Starts with no subject on the seat.
10 seconds were considered sufficient as the acquisition time since the subject
already assumed stable posture in less than 6 seconds, as shown in figure 3.17.
The SIMI Motion software saved the data automatically in a specific folder that
can be read only through the software itself; after the experimental session the
data obtained with the force plates (the three components of Ground Reaction
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Forces and the two spatial coordinates of the Centre of Pressure) were exported
in text files.
3.2.2.2 Pressure mat
The pressure mat does not need to be calibrated and it is ready to use. The
software for the use of the pressure mat was supplied by INESCOP, the company
that created the mat as part of a joint development. Each pressure data acquisition
started at the same time of the SIMI Motion software (the last for the reading of
the force plates data and the camera); a delay of some milliseconds in the start up
of the pressure reading was not affecting the data for the analysis, since the first
few seconds of the acquisitions were however always discarded. The frequency of
acquisition is 0.33 Hz, and the data are automatically recorded in a text file on
the computer, presenting the time of each acquisition.
3.2.2.3 Camera
In SIMI Motion software a file was created containing the calibration of the camera
and to be used for each subject.
Camera calibration Since the image analysis is 2D, a 2D calibration of the
camera was needed in order to fix a reference frame for the evaluation of the
coordinates of the body segments joints. A cube shaped frame (see figure 3.14)
of known dimensions (side length: 0.51 m) was placed on the seat in front of
the camera. Figure 3.14 shows the camera calibration. Only the front square
of the cube was used for a 2D calibration; it was performed using the following
coordinates:
• Bottom Left corner: (0, 0);
• Bottom Right corner: (0.51 cm, 0);
• Top Left corner: (0, 0.51 cm);
• Top Right corner (0.51 cm, 0.51 cm).
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Figure 3.14: Calibration frame. The red lines represent the reference coordinate
system (the bottom left corner is the origin).
Segments set up Simi-Motion software requires that a body model is set up.
Based on the simplify body model used within this study (see section 2.2.3), the
list of the body segments analysed is presented below.
• Seg 1: head (neck to top head)
• Seg 2: neck (shoulder to neck)
• Seg 3: trunk (hip to shoulder)
• Seg 4: thigh (knee to hip)
• Seg 5: leg (ankle to knee)
• Seg 6: foot (tip toe to ankle)
• Seg 7: upper arm (shoulder to elbow)
• Seg 8: forearm (elbow to wrist)
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In figure 3.15 one can see the defined body segments as they were recognised by
the software and in figure 2.7 the joint angles.
Figure 3.15: Body segments analysed within SIMI Motion software.
Markers were applied on the body segment joints of each subject in order to
make the joints clearly visible and track-able in the images recorded. See figure
3.16.
1. Head: marker is placed on the right temple;
2. Neck: marker is placed underneath the right ear, on the extremity of the
jaw bone;
3. Shoulder: marker is placed on the top of the right shoulder;, on the extremity
of the clavicle bone;
4. Elbow: marker is placed on the external side of the elbow joint;
5. Wrist: marker is placed on the right wrist on the superior side of the carpus
bones;
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6. Hip: marker is placed on the hip bone, on the right side;
7. Knee: marker is placed on the knee joint of the right leg, on the external
side;
8. Ankle: marker is placed on the ankle bone of the right foot on the external
side;
9. Foot: marker is placed approximately in correspondence of the fifth toe, on
the external side.
See figure 3.16 for the markers location.
Figure 3.16: Markers applied on the Body Segment Joints of the subjects.
Images were automatically acquired at the start up of the system and recorded
in real time with the force plates data. They were stored and afterward exported
and analysed.
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As well as for the force plates, the acquisition time was 10 seconds, which
means that for each subject a video of 10 seconds was recorded and stored in
the computer. From each video (of the length of 10 seconds with a frame rate
of 25 frames per second) 15 frames in total were selected and processed. The
selected frames were chosen randomly within the last 3 seconds of the overall
acquisition (since the last seconds are the more stationary), and stored for image
analysis. The image analysis was performed with Simi Motion: for each frame the
body segments joints were tracked and their location (coordinates in the camera
reference system recorded in text files, as well as the value of the angles between
them.
3.2.3 Procedure protocol and data collection
Since the experiments involved persons, an ethical approbation was required;
the Ethical Approval form was submitted and approbation obtained (see the ap-
pendix). The following procedure was conducted:
• All subjects were informed on the aim and the procedure of the experiments.
• The experiments were conducted in the Biomechanics laboratory in the de-
partment of Engineering at the Queen Mary University where the instru-
mentation was set up.
• Subject height and weight were measured and recorded in the computer in
an anonymous way.
• They were given an information sheet and asked to undertake the five pos-
tures described in 2.3.
• All the measurements were taken at the same time (force plates, pressure
mat, and images).
3.2.4 Acquisition and data processing
Subjects were taken in the Biomechanics lab where the devices were set up and
they were given the “List of postures” sheet; they were asked to sit for 10 seconds
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and keep each posture as steadier as possible. The recording of the data started
just before subjects stepped on the force plates in order to record actual force and
not just fluctuation as force value is required by the analysis. An example of a
generic acquisition from the force plate is shown in figure 3.17. As one can see, the
first 5 seconds represent the act of stepping on the force plate (vertical GRF value
increasing form zero to the weight of the subject) and adjusting the posture on the
seat, while the last 5 seconds show the steady posture force distribution. The same
pattern is shown for the pressure distribution (null values for the first seconds,
a rapid increase, and stable values for the last seconds of acquisition). Hence,
only the last 3 seconds of each acquisition were analysed, since they represent a
steady sitting parameters distribution; they are considered to be the settled values
occurring when the subjects found its comfortable position.
Figure 3.17: Generic force plate acquisition.
After measuring the subject’s height and weight and storing such information
anonymously, the subject was asked to undertake each posture listed on the in-
formation sheet supplied, one at the time. The devices were started when the
subject was away from the force place, just before stepping stepping on it and
seating down; the devices stopped automatically after 10 seconds; subject was
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then asked to stand up and step off the force plates. This procedure was repeated
three times per posture, for a total of 15 acquisition (5 postures, 3 trials each).
To protect anonymity, after recording data for each subject, they were exported
in text files and stored in a specific folder protected by password. Later on they




Before proceeding with the creation of a Posture Database (see section 2.4) and
the development of algorithms for posture recognition, a statistical analysis of
the data acquired within the experimental session (when 17 subjects particip-
ated to the experiments) was conducted in order to evaluate the reliability of the
data, to locate those affected by errors, eventually to discard those affected by
errors and so on; the data so filtered were then used for the Posture Recognition
algorithms’ implementation. The details of this procedure and the statistical ana-
lysis performed are presented in the sections below. See appendix B for statistic
background theory.
4.2 Statistical data analysis
Raw data recorded by the force plate, pressure mat, and images were firstly ana-
lysed statistically: the purpose of this is the evaluation of distribution (mean,
standard deviation, etc.) and the location of data affected by errors.
The parameters involved in this analysis are those used for the classification
of the postures. They are described in the following section.
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4.2.1 Introduction
4.2.1.1 Variables involved
Given the instrumentation mentioned before and given preliminary observations
conducted in the laboratory with several participants, the variables involved in
Posture Recognition methods were determined and they are presented the follow-
ings. Each posture is described by:
• 16 pressure values (one value per sensor): A1, A2, A3, A4, B1, B2, B3, B4,
C1, C2, C3, C4, D1, D2, D3, and D4 (see figure 3.6);
• 6 Ground Reaction Forces:
– 3 spatial force components determined by the force plate under the
seat (Fx,s,Fy,s,Fz,s);
– 3 spatial force components determined by the force plate under the feet
of the subject (Fx,f ,Fy,f ,Fz,f ) ;
See figure 4.1 for an example of GRF components on the force plates.
Figure 4.1: Example of GRFs components. The two images represent the seat
force plate and the floor force plate.
• 2 COP values (x and y coordinates of the Centre Of Pressure of the subject
determined by the two force plates intended as combined): COPx, COPy;
see figure 4.2.
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Figure 4.2: Example of a COP location on a force plate.
• 2 Body Segment angles:
– hip: angle between the trunk and the thigh;
– knee: angle between the thigh and the leg.
See angle 5 and 6 in figure 4.3.
Figure 4.3: Body segments angles.
• 2 y-coordinates of the relevant Body Segment joints:
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– the horizontal projection of the shoulder joint along y axis: Yshoulder;
– the horizontal projection of the hip joint along y axis: Yhip.
See figure 4.4.
Figure 4.4: Horizontal components along the y axis of the hip and shoulder joints.
Hence, a initial total of ntot = 16+6+2+2+2 = 28 variables was studied. Each
of them was analysed using the statistics described in appendix B.
4.2.1.2 Intra-subject statistics
An intra-subject statistical analysis of the acquisitions was performed. It was
done in two main steps:
1. Evaluation of reliability
Each acquisition lasted for 10 seconds; the initial 7 seconds, which refer
to the time while the subject is adjusting its posture, were discarded and
the final 3 seconds, which refer to the time while the subject is steady on
the chair of acquisition were stored. Given the 3 acquisitions relative to one
subject for the same nominal posture (the subject was asked to sit down and
assume the posture defined as, for instance, ’upright’, than stand up and
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sit down gain assume the same posture, three times), the validity of each
of the acquisition was evaluated and eventually the mean among the three
calculated (in the following sections the evaluation of reliability is described
and results are shown). If one or more acquisitions revealed not to be valid,
it was then rejected; see section 3.2.2 for details on data acquisition.
2. Statistics
Once the mean among the three acquisition was obtained, a matrix of res-
ulting values was created, per subject, per posture. This matrix was then
further analysed.
For a specific posture k, the matrix of the partial variables (’partial’ refers to the
variables related to one device) is expressed as:
Xp = {Xp1 , Xp2 , ..., Xpm}T (4.1)
and each row of it is given by:
Xpi = {xi,1, ..., xi,np} (4.2)
where:
• the subscript i indicates the ith sample; the sample refers to a subject and
the number of samples is given by the number of subjects m; m = 17 ( i =
1, ... , m).
• the subscript np is a value in between 1 and np (np is the number of partial
variables depending on the device into account (i.e. for pressure data np =
npressure = 16, for Ground Reaction Forces np = nGRF = 6, for Centre Of
Pressure np = nCOP = 2, etc.) .
Each value xi,np is obtained by averaging the relative values on the three acquisi-
tions, where all of them were valid, as mentioned in 1. If one or more of the three
acquisition was no valid some different methods explained in the following section
were applied. The dimensions of the matrix of the partial values change depend-
ing on the device taken into account and it is given by m×np. Such matrices are
the contribution to the Posture Database (see section 4.2.7).
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4.2.1.3 Inter-subject statistics
A further statistical analysis was subsequently performed, this time among the
matrices of the partial variables, in order to create a unique parameters distri-
bution, not subject related. Statistical parameters and outliers were obtained from
the partial variable matrix Xp.
For the statistical analysis the software SPSS was used, which runs specific routines
to elaborate inputted data and output the statistical parameters, such as mean,
range standard deviation, etc. In the following sections the statistical results are
reported and, as graphical outputs, box plots are shown.
4.2.2 Pressure Distribution data
4.2.2.1 Evaluation of reliability
The data collected with the pressure mat were analysed as described in the present
section.
Pressure variables The amount of pressure data consists in a total of
(mpressure · 3) · npressure (4.3)
where mpressure = 17 indicates the number of subjects whose pressure data are
available, 3 refers to the three trials per subject, and npressure = 16 is the number
of the pressure sensors on the seat pan. See figure 3.2.
The evaluation of the reliability of the acquisition was conducted based on the
following steps:
1. Evaluation of the dispersion of the data among the three acquisitions: given
the sensitivity of the sensors and some preliminary tests conducted in the
laboratory with the aim of verify the functioning of the pressure sensors
embedded in the mat, it was noticed that, for the same given amount of
pressure exerted on a sensor the outputted value would frequently oscillate
of ±10mV (due to the sensitivity of the sensors); hence, if two of the three
pressure data acquisitions of one sensor showed an oscillation smaller than
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±10mV , then it was assumed that the acquisitions were valid and the
value outputted reliable; if one of the three acquisitions has a value ±10mV
distant from another one, the three acquisition were discarded.
2. Normalisation of the values of a single sensor with the overall amount of
mV recorded by the total of 16 sensors; each sensor’s record is expressed as
a percentage of the total, and the acquisition is independent of the mass of
the subject.
3. Averaging among the three acquisitions relative to one subject.
4. Creation of a file containing the averaged values of pressure distribution for
each of the 17 subjects; the file is hence the matrix of the partial variables
described above, Xp = {Xp1 , Xp2 , ..., Xpm}T . Such matrix is shown in tables
a, b, c, d, and e in D.1, and contains the pressure distribution averaged
among the three acquisitions for the 17 subjects; missing data means rejected
acquisition as said in (1). They are presented in appendix D.1.
For some sensors the range of values can be wide; such wide range determines
a wide confidence interval as showed in the following section. Nevertheless, the
reasons of spread pressure values can be due to the differences in the body shapes
of the subjects. A slim subject might apply a higher pressure on a specific sensor
that a subject with more body mass; the shape of the bones itself can determine
the pressure applied on a sensor, independently from the body mass. Hence, dif-
ferent body configurations can determine sensibly different pressure distribution.
4.2.2.2 Statistics
SPSS software was used for the statistical analysis of the data reported in the
tables D.1 and several statistical parameter were estimated (range, minimum
value, maximum value, mean, standard deviation, and variance); they are re-
ported in tables a, b, c, d, and e in D.2 in appendix Section D.1 and successfully
used to create a database of pressure distribution.
Figures a, b, c, d, and e in 4.5 represent the box plots of the pressure distri-
bution data reported in tables a, b, c, d, and e in D.2. They show how the data
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are spread around the median, the range, the upper and lower inter-quartile val-
ues (see B.3.3); primarily, the outliers detected by SPSS software are highlighted.
Such outliers were discarded for any further analysis.
(a) Posture 1
(b) Posture 2
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(c) Posture 3
(d) Posture 4
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(e) Posture 5
Figure 4.5: Box plot for Pressure Distribution data for the five postures. The
values on the y axis represent the fraction of the total of the mV recorded by the
pressure mat.
The outliers, discarded from any further analysis are reported in table Table
4.1 on page 98:
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Posture 1 Posture 2 Posture 3 Posture 4 Posture 5
Sensor Subject Subject Subject Subject Subject
A1 10, 11 8, 12, 15 4 1
A2 12 9, 10, 11
A3 15 1, 16
A4 12 5 14
B1 17
B2 1, 12 6 5, 6, 16
B3 13
B4
C1 3 1, 2, 4 16
C2 17 17 9
C3 16
C4 6 7
D1 2, 4 1 4 4, 17 1, 10, 11,
17
D2 3 1
D3 4, 8 4
D4 4 1, 2, 6, 8, 9, 12, 13 12 14
Table 4.1: Outliers detected in the pressure distribution data. In the table they
are identified by the subject reference number.
4.2.2.3 Final averaged database for Pressure Distribution
Once the outliers were found, a final inter-subject averaged pressure distribution
is reported in table 4.2, which shows the main statistical parameters like mean,
standard deviation, standard error and confidence interval (confidence interval:
90%) obtained with the SPSS software; see section B.8for details.
As graphical output, in figure 4.6 is shown the inter-subject averaged pressure
and how it is distributed on the mat and the location of the peaks.
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(a) Posture 1
(b) Posture 2
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(c) Posture 3
(d) Posture 4
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(e) Posture 5
Figure 4.6: Final inter-subject averaged normalised Pressure Distribution for the
five postures. (A, B, C, D, with 1, 2, 3, 4 indicates the sensors of the matrix; the
values on the y axis are expressed as the fraction of the total of the mV recorded
by the mat.
4.2.2.4 Discussion
Some initial considerations are presented (see figure 3.6 for a clear idea of the
sensor placement):
• Posture 1 (Upright). See figure a in 4.6.
– Most of the discarded acquisitions occurs on sensors B1 and C1;
– The peak values occur at sensors B1 and C1 and they are in a range
of 0.1 to 0.3 of the total mV recorded by the pressure mat;
– The second highest group of peaks occurs on sensors B2, B3, C2, and
C3, ranging from 0.02 to 0.15 of the total mV recorded.
– Sensors A and D show values relatively small, always less than 10% of
the total mV recorded.
• Posture 2 (Leaning Backward). See figure b in 4.6.
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– Most of the discarded acquisitions were for sensors B1 and C1;
– Sensors B2 and C2 are levelled with B1 and C1, and is where the peaks
are recorded within a range of 5% to 40% of the total recorded;
– Sensors A and D as in posture 1.
• Posture 3 (Leaning Forward). See figure c in 4.6.
– Most of the discarded acquisitions occurred for sensors B1 and C1;
– The peaks were at sensor C3, in a range of 10 to 33 % of the total;
– Sensors A and D as in posture 1.
• Posture 4 (Slouching). See figure d in 4.6.
– The peaks occur at sensors B3, B4, C3, and C4, ranging from 5 to 30%
of the total.
• Posture 5 (Edge). See figure e in 4.6.
– The most of the discarded acquisitions occurs on sensors B3 and C3;
– The peak values occur on sensors B3 and C3 and they are in a range
of 10 to 40% of the total mV ;
– Sensors B4 and C4 also show remarkable peaks, ranging from 10 to
20% of the total.
Hence it can be stated that:
• Recorded peaks correspond to the highest variance in the data;
• The postures can be potentially distinguished through the location of the
pressure peaks in terms of normalised voltage.
CHAPTER 4. STATISTICAL ANALYSIS 108
4.2.3 GRFs
4.2.3.1 Evaluation of reliability
Piezoelectric force plates are very accurate devices although their use for static
situations is rare; however for short stable situations following a swift force ap-
plication their use for detection of such force is valid.
The data collected with the force plates were analysed as described in the
present section.
GRF variables For the GRFs analysis the parameters taken into account are:
• the 3 spatial components of GRFs for the force plate positioned under the
seat;
• the 3 spatial components of GRFs for the force plate positioned under the
feet;
The original amount of GRF data consist in a total of
(mGRF · 3) · nGRF (4.4)
where mGRF = 12 indicates the number of subjects whose force plates data were
analysed, 3 refers to the three trials per subject, and nGRF = 6 is the number of
GRFs variables (Fx,seat,Fy,seat,Fz,seat,Fx,floor,Fy,floor, Fz,floor).
Force plates showed high accuracy of the records since the difference between
the 3 acquisitions is neglectable and all 3 were considered reliable. Steps of the
analysis are:
• Normalisation of the data on the weight of the subject, so that GRFs are
made subject independent and expressed as percentage of the body weight.
• Averaging among the valid acquisitions relative to one subject.
• Creation of an output file containing the averaged values of GRFs for the
12 subjects: Xp = {Xp1 , Xp2 , ..., Xpm}T .
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In table a, b, c, d, and e in D.3 the GRFs averaged among the valid acquisitions
are presented. Fx,y,z,seat are the spatial components of the total F recorded by
the force plate under the seat; Fx,y,z,floor are the spatial components of the total
F recorded by the force plate under the feet.
4.2.3.2 Statistics
As for the pressure distribution analysis, data were analysed with the statistical
analysis software SPSS. The statistical parameters reported in tables a, b, c, d,
and e in D.4 were successfully used to create a database of GRFs data averaged
among the subjects as a reference for further analysis.
4.2.3.3 Final averaged database for GRFs
A final representation of the GRFs components obtained by averaging the data
among the subjects, is reported in the table 4.3 in appendix Chapter D, together
with standard deviation, standard error, and confidence interval (confidence in-
terval: 90%); see section B.8.
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Fx,seat Fy,seat Fz,seat Fx,floor Fy,floor Fz,floor
P. 1 Mean 0.087 0.029 0.855 0.004 0.026 0.147
SD 0.011 0.009 0.063 0.002 0.011 0.067
SE 0.003 0.003 0.018 0.001 0.003 0.019
CI lower 0.095 0.036 0.904 0.006 0.035 0.200
CI upper 0.078 0.022 0.805 0.003 0.018 0.094
P. 2 Mean 0.097 0.034 0.784 0.004 0.036 0.203
SD 0.007 0.010 0.094 0.002 0.012 0.057
SE 0.002 0.003 0.027 0.001 0.003 0.016
CI lower 0.102 0.041 0.857 0.006 0.045 0.248
CI upper 0.092 0.026 0.710 0.003 0.027 0.158
P. 3 Mean 0.019 0.028 0.654 0.005 0.026 0.341
SD 0.010 0.017 0.069 0.002 0.017 0.066
SE 0.003 0.005 0.020 0.001 0.005 0.019
CI lower 0.027 0.041 0.708 0.007 0.040 0.393
CI upper 0.011 0.014 0.600 0.003 0.013 0.289
P. 4 Mean 0.089 0.054 0.791 0.006 0.051 0.169
SD 0.011 0.017 0.086 0.003 0.019 0.042
SE 0.003 0.005 0.025 0.001 0.005 0.012
CI lower 0.097 0.067 0.859 0.008 0.066 0.203
CI upper 0.081 0.040 0.724 0.003 0.037 0.136
P. 5 Mean 0.018 0.017 0.747 0.005 0.010 0.224
SD 0.009 0.009 0.070 0.002 0.005 0.052
SE 0.002 0.003 0.020 0.001 0.001 0.015
CI lower 0.025 0.023 0.802 0.006 0.014 0.265
CI upper 0.012 0.010 0.692 0.003 0.006 0.184
Table 4.3: Final inter-subject averaged GRFs distribution for the five postures.
The mean is expressed as a percentage of the Body Weight and obtained by
averaging among the subjects (Confidence Interval at 90%).
Figures 4.7, 4.8, and 4.9 illustrate the GRF components and the respective
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standard deviation.
Figure 4.7: GRFsx distribution. The bars represent the magnitude of GRFs in
x direction, under the seat and on the floor. The values indicate % of the Body
Weight. The black lines represent the standard deviation.
Figure 4.8: GRFsy distribution. The bars represent the magnitude of GRFs in
y direction, under the seat and on the floor. The values indicate % of the Body
Weight. The black lines represent the standard deviation.
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Figure 4.9: GRFsz distribution. The bars represent the magnitude of GRFs in
z direction, under the seat and on the floor. The values indicate % of the Body
Weight. The black lines represent the standard deviation.
4.2.3.4 Discussion
It can be seen in figure 4.8 and 4.9 that the reaction force components in x or
y direction (on the tansverse plane) are relatively small, generally less than 5%
except for the x components on the seat (medio-lateral) which reach the 10% of
the Body Weight. Significant values are the reaction forces in the vertical direction
(z ) which reach the 80% of the Body Weight for the seat force plate and 30% for
the floor force plate. The standard deviation of the data is also quite high for the
x and y components; this is because the muscle forces can create different non
vertical GRF components, plus different friction between the seat and clothes or
shoeware due to different coefficients.
4.2.4 COP
4.2.4.1 Evaluation of reliability
The data relative to the COP were recorded by the force plates, analysed and the
results reported in the present sections.
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COP variables For the COP analysis the parameters taken into account are:
• COPx : x coordinate of the COP location in the force plates reference frame;
• COPy : y coordinate of the COP location in the force plates reference frame.
The two force plates have been assumed as combined.
The amount of COP data consist in a total of
(mCOP · 3) · n (4.5)
wheremCOP = 12 indicates the number of subjects whose COP data are available,
3 refers to the three trials per subject, and nCOP = 2 is the number of COP
variables (COPx, COPy). COP is represented by coordinates expressed in m, and
since they are not subject dependent there is no need for normalisation.
The steps of the analysis are then:
• Averaging among the valid acquisitions relative to one subject.
• Creation of an output file containing the averaged values of COP coordinates
for the 12 subjects: Xp = {Xp1 , Xp2 , ..., Xpm}T .
In table a, b, c, d, and e inD.5 the COP location along x and y axis averaged
among the valid acquisitions is presented.
4.2.4.2 Statistics
The statistical parameters obtain within the SPSS analysis are shown in table D.6
in appendix Chapter D.
Box plots are presented in figures 4.10 and 4.11.
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Figure 4.10: Box plot for COP coordinates data in the x direction. Values on the
x axis are expressed in m.
Figure 4.11: Box plot for COP coordinates data in the y direction. Values on the
y axis are expressed in m.
The outliers, discarded from any further analysis are reported in table Table
4.4 on page 115:
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Posture 1 Posture 2 Posture 3 Posture 4 Posture 5
Subject Subject Subject Subject Subject
COPx 11 11 3, 8
COPy 13 11 11
Table 4.4: Outliers detected in the COP location data. They are identified by the
subject reference number.
4.2.4.3 Final averaged database for COP
A final representation of the COP location for the five postures is presented in
table 4.5.
CHAPTER 4. STATISTICAL ANALYSIS 116
COPx COPy
P. 1 Mean [m] 0.004 0.001
SD 0.005 0.016
SE 0.002 0.005
CI lower 0.000 -0.012
CI upper 0.008 0.013
P. 2 Mean [m] 0.008 0.019
SD 0.007 0.010
SE 0.002 0.003
CI lower 0.002 0.012
CI upper 0.014 0.027
P. 3 Mean [m] -0.005 -0.064
SD 0.005 0.027
SE 0.002 0.008
CI lower -0.009 -0.086
CI upper -0.001 -0.043
P. 4 Mean [m] 0.004 0.016
SD 0.006 0.025
SE 0.002 0.007
CI lower 0.000 -0.004
CI upper 0.009 0.036
P. 5 Mean [m] -0.003 -0.089
SD 0.006 0.010
SE 0.002 0.003
CI lower -0.007 -0.097
CI upper 0.002 -0.081
Table 4.5: Final inter-subject averaged COP parameters for the five postures.
Values are expressed in m. (Confidence Interval at 90%)
In figure 4.13 the COP location on a surface parallel to the floor can be seen.
The origin of the reference frame coincides with the centre of the force plate under
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the seat.
For a clear idea of the spatial location of the COP, the reference frame used by
the force plates is shown in figure 4.12. It needs to be specified that the reference
system assumed by the software has now changed; this is due to the fact that the
two force plates are used as combined, in which case, since their orientation of
one is different from the other one.
Figure 4.12: Reference system for the force plates as combined.
4.2.4.4 Discussion
The COP location is illustrated in figure 4.13; the origin of the reference frame is
set to coincide with the centre of the two force plates assumed as one, which is
approximately the centre of the seat cushion. For Posture 1, the COP is very close
to the origin of the reference system, which is reasonable for an upright posture
when the weight is approximately balanced around the centre of the seat cushion;
the COP moves toward increasing values of y axis (backward) for posture 2 and 4,
leaning backward and slouching respectively; for posture 3 and 5, leaning forward
and slouching the COP moves to decreasing values of y axis (forward). x direction
does not supply relevant information; it might indicates just different balancing
of the subjects rather than actually a representation of the posture.
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Figure 4.13: COP location. Values are expressed in m. The black lines show the
standard deviation of the data..
4.2.5 Body Angles
4.2.5.1 Evaluation of reliability
The body angles analysed for the posture recognition are described in 2.2.3.2.
They are a total of 7: neck, shoulder, arm, elbow, hip, knee, and ankle (see figure
2.7). Through the SIMI Motion software we recorded videos for overall time (ten
seconds) the subject was sitting on the seat assuming a specific posture; form the
video 10 frames were extracted at random within the last three seconds and on
those the body segments tracked. A file containing the values of the angles for
the five postures and for each subject was hence created.
Angles variables The amount of data consists in one value per variable, so
that we have a total of
(mangle · 3) · nangle (4.6)
wheremangle = 16 indicates the number of subjects whose video data are available,
3 refers to the three trials per subject, and nangle = 7 is the number of angles in
the model.
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The steps of the analysis are:
• Averaging among the valid acquisitions relative to one subject.
• Creation of an output file containing the averaged body angle values for the
16 subjects: Xp = {Xp1 , Xp2 , ..., Xpm}T .
In table a, b, c, d, and e in D.7 such data are reported.
4.2.5.2 Statistics
Statistical parameters can be seen in the box plots and table D.8 in appendix
Chapter D. Outliers were discarded from any further analysis.
Box plots are shown in figure a, b, c, d, and e in 4.14:
(a) Posture 1
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(b) Posture 2
(c) Posture 3
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(d) Posture 4
(e) Posture 5
Figure 4.14: Box plot for Body Segments Angles for the five postures. Values on
the y axis are expressed in degrees.
Outliers are reported in table Table 4.6 on page 122:
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Posture 1 Posture 2 Posture 3 Posture 4 Posture 5




Knee 11 6, 12
Ankle 11, 16 11 11, 12
Arm 9 2, 10
Elbow
Table 4.6: Outliers detected in the COP location data. They are identified by the
subject reference number.
4.2.5.3 Final averaged database for Body Angles
A final representation of the Body Angles for the five postures is reported in the
table Table 4.7 on page 123.
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neck shoulder hip knee ankle arm elbow
P. 1 Mean [o] 175.21 213.80 258.07 94.69 256.31 12.20 240.15
SD 10.82 9.00 6.30 6.79 5.24 7.14 19.59
SE 2.70 2.25 1.58 1.70 1.31 1.78 4.90
CI lower 170.47 209.85 255.31 91.72 254.02 9.07 231.56
CI upper 179.95 217.74 260.83 97.67 258.61 15.32 248.73
P. 2 Mean [o] 177.46 221.34 244.86 99.67 253.91 16.77 179.95
SD 11.55 11.03 7.98 11.74 8.71 8.72 15.66
SE 2.89 2.76 2.00 2.94 2.18 2.18 3.91
CI lower 172.40 216.50 241.36 94.53 250.09 12.94 238.25
CI upper 182.52 226.17 248.36 104.82 257.73 20.59 251.97
P. 3 Mean [o] 182.84 178.86 302.53 101.05 255.40 45.76 247.76
SD 10.70 10.32 7.01 10.83 9.01 4.85 9.55
SE 2.67 2.58 1.75 2.71 2.25 1.21 2.39
CI lower 178.15 174.34 299.46 96.30 251.45 43.63 243.57
CI upper 187.52 183.38 305.61 105.79 259.34 47.89 251.95
P. 4 Mean [o] 185.75 214.72 225.87 124.06 241.37 12.95 229.61
SD 14.86 20.48 26.11 23.62 11.77 12.89 21.19
SE 3.72 5.12 6.53 5.90 2.94 3.22 5.30
CI lower 179.24 205.74 214.43 113.71 236.21 7.31 220.32
CI upper 192.27 223.70 237.31 134.41 246.52 18.60 238.89
P. 5 Mean [o] 185.70 193.85 269.47 80.82 274.34 29.47 240.28
SD 10.58 12.54 9.10 8.88 7.48 16.39 22.47
SE 2.65 3.13 2.28 2.22 1.87 4.10 5.62
CI lower 181.06 188.36 265.48 76.93 271.07 22.29 230.44
CI upper 190.34 199.35 273.46 84.71 277.62 36.66 250.13
Table 4.7: Final inter-subject averaged Body Segment Angles. Values are ex-
pressed in degrees and obtained by averaging among the subjects. (Confidence
Interval at 90%).
Figure 4.15 shows the final representation of the value of the Body Segment
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Angles and the standard deviation of the data.
Figure 4.15: Final values of the Body Segments Angles for the five postures as
obtained with the statistical analysis. The red lines represents the standard de-
viation of the data.
4.2.5.4 Discussion
Preliminary studies showed that Body Angles such as neck, shoulder, arm, elbow,
ankle, are strictly dependent on the anthropometry of the subjects and their
personal interpretation of the postures. Hence it was decided to focus the analysis
on the hip and knee angle. It should be remarked that Posture 4 in general
presents high values of standard deviation due to a very personal interpretation
of ’slouching’ (see section 5.2.4 for clarification).
4.2.6 Body Segments Joints coordinates
4.2.6.1 Evaluation of reliability
The Body Segments Joints that are analysed for the posture recognition algorithm
implementation are listed in 2.2.3. They are initially a total of 7 (head, trunk,
upper arm, fore arm, thigh, leg, and foot); it was later decided to split the head
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segment in 2 parts (head and neck) as in preliminary studies it was noticed that
the inclination of the head is a very arbitrary factor among the subjects, while
the neck assumes approximately a fixed position. In figure 4.16 the segmentation
of the body used for the Body Segments Joints position analysis is shown.
Figure 4.16: Body Segments. The coloured lines represent the segments analysed;
they are Head (red), Neck (blue), Trunk (yellow), Thigh (light blue), Leg (white),
Foot (orange), Upper arm (magenta), and Forearm (green).
Analysing all the Body Segments Joints location is an overload of computa-
tional cost. The positioning in space of some of the body segments (for example
the head, the forearm, or the wrist) is strictly related to the characteristics of the
subject and personal interpretation of a comfortable posture. Moreover, not all
of them are relevant for determining the posture: in preliminary studies it was
noticed that a posture can be determined, in terms of Joints location, by analysing
the spatial coordinates of only two Body Segments; such segments are Shoulder
and Hip. The relative spatial coordinates are Yshoulder and Yhip in the reference
system of the seat. Since they are analysed within the camera point of view,we
switched to the camera reference system as shown in figure 4.17: the location of
shoulder and hip is then identified as Xshoulder and Xhip .
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Figure 4.17: Camera reference system: coordinate axis x and y used as a reference
for the camera calibration.
One should agree that the displacement of the shoulder or the hip forward or
backward along the x direction determines quite clearly the overall body posture,
in terms of the 5 listed postures.
The Joints Coordinates data were statistically analysed among the subjects.
Through the SIMI Motion software was possible to track the location of such
joints. A file containing the values of the spatial coordinates of the joints for
the 5 postures and for each subject was created; the coordinates are expressed in
m in the camera reference system. The stored data are relative to 9 frames per
acquisition; such 9 frames are taken from the last 3 seconds of one acquisition, 3
frames per second.
Joints variables The reference system for the location of Joints in the camera
system is presented in figure 4.17.
The amount of data consists in 2 variables: coordinate of the shoulder and hip
joint in the x direction (Xshoulder and Xhip). So we have a total of
(mjoints · 3) · nsegments (4.7)
where mjoints = 16 indicates the number of subjects whose Segment Joints
coordinates are available, 3 refers to the three trials per subject, and nsegments = 2
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is the number of angle variables.
The steps of the analysis are:
• Averaging among the valid acquisitions relative to one subject.
• Creation of an output file containing the averaged values of Segment Joints
coordinates values for the 16 subjects: Xp = {Xp1 , Xp2 , ..., Xpm}T .
In table a, b, c, d, and e in D.9 data are reported.
4.2.6.2 Statistics
Statistical parameters are shown in the box plots and tables D.10 in appendix
Chapter D. Outliers were discarded from any further analysis.
Box plots are shown in a, b, c, d, and e in 4.18. As one can see, no outliers
were identified.
(a) Posture 1
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(b) Posture 2
(c) Posture 3
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(d) Posture 4
(e) Posture 5
Figure 4.18: Box plot for Body Segments Joints coordinates data for the five
postures. Values on x axis are in m.
4.2.6.3 Final averaged database for Body Segments Joints
A final average of the Body Segments Joints coordinates across the subjects is
shown in table 4.8.
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Xshoulder Xhip
P. 1 Mean [m] 0.09 0.17
SD 0.05 0.03
SE 0.00 0.00
CI lower 0.08 0.17
CI upper 0.11 0.17
P. 2 Mean [m] 0.01 0.18
SD 0.04 0.04
SE 0.00 0.00
CI lower 0.00 0.17
CI upper 0.02 0.18
P. 3 Mean [m] 0.48 0.19
SD 0.08 0.04
SE 0.01 0.00
CI lower 0.47 0.18
CI upper 0.50 0.20
P. 4 Mean [m] 0.04 0.30
SD 0.15 0.05
SE 0.01 0.00
CI lower 0.01 0.30
CI upper 0.08 0.31
P. 5 Mean [m] 0.38 0.33
SD 0.08 0.06
SE 0.01 0.00
CI lower 0.36 0.32
CI upper 0.39 0.34
Table 4.8: Final inter-subject averaged Body Segments Joints coordinates for
the five postures. Values are expressed in m in the camera reference system.
(Confidence Interval at 90%)
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Figure 4.19: Final averaged values of the Body Segments Joints Coordinates for
the five postures. The red lines represents the standard deviation of the data.
4.2.6.4 Discussion
In figure 4.19 it can be noticed that the highest value of standard deviation occurs
on the shoulder x coordinate value for posture 4. The same occurred for the
analysis of the body angle. We will see in the next chapter that Posture 4 is the
more difficult posture to recognise, due to the highly personal interpretation of
’Slouching’.
The wide distances in the values of the x coordinates of the shoulder between
the postures led us to assume that such information (the location along x axis of
the shoulder) is extremely relevant to the posture recognition.
4.2.7 Training Data Set
An overall view of the available data per subject is presented in this section; table
4.9 shows which variables are finally available per subject (missing data are due
to failures while acquiring data as part of an experiment).
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Pressure GRFs COP B.S. Angles B.S.
Coordinates











sub 12 - -
sub 13
sub 14
sub 15 - -
sub 16 - -
sub 17 - -
Table 4.9: Available data resume. The bold lines indicate the subjects for which
all the variables are available and hence used for the final Training Data Set matrix
for the algorithm implementation. See chapter 5.2.
It should to be noted that the pressure distribution data as reported in section
4.2.2.1 show some missing acquisition on some of the sensors. In order to not
discard the all acquisition relative to the specific subject, such missing values
were replaced by the averaged value as obtained within the statistical analysis
showed in table 4.2.
Finally, the database for posture recognition algorithms was created, contain-
ing one final matrix per posture k (with k = 1, ..., 5):
Xk = {X1, ..., Xmfin} (4.8)
where each vector Xki = {x1, ..., xntot}T contains all the variables per one subject.
The dimension of the final matrix Xk is:
ntot ×mfin (4.9)
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where ntot indicates the total number of variables analysed per subject, and equals
to 28 (see 4.2.1) and mfin indicates the final number of subjects involved, and
equals to 12 (see table 4.9).
Putting together the tables in 4.2.2.1, 4.2.3.1, 4.2.4.1, 4.2.5.1, and 4.2.6.1the
final matrices Xk are created and showed in tables a, b, c, d, and e in 4.10. From
now on they will be called Training Data Set.
The values represent the averaged variables as obtained within the statistical
analysis. All values relative to sensors A, B, C, and D are expressed as a percentage
of the total of the mV recorded by the pressure mat; the Fx,y,z,seat and Fx,y,z,floor
are expressed as the ratio of the GRFs over the body weight of the subject; the
COP values are expresses in meters; Hip and Knee angles are expressed in degrees;
Xshoulder and Xhip coordinates are expressed in meters.
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4.2.8 Discussion
The statistical analysis of the data collected within experimental sessions presen-
ted in this section was conducted to determine the reliability of posture definition
across different data set.
We collect data, evaluated their reliability, performed a statistical analysis,
determined the relevant parameters to Posture Recognition, and created a Train-
ing Data Set for a limited number of postures that are likely to be undertaken
in airplanes. The Training Data Set is an archive of parameters (involved in the
Posture Recognition) and their values (distribution among different subjects) and
represents a novelty in the seated posture investigation since nothing similar nor
specific to the aim of this research was found in literature.
The data so finalised and organised in the Training Data Set matrix were
stored and made available for further analysis in a learning type algorithm.
The source data are relative to a limited number of subject (17). We should
keep in mind that a matrix of bigger dimension can be easily implemented once the
structure of the statistical analysis is set. A higher number of subjects involved
in the experiments will lead to a bigger matrix. Eventually, a more data in the
Training Data Set can lead to more accurate results.
The current study laid the foundation for posture recognition using minimal
amount of inputs. The statistical consistency between the different data sets
allows to build algorithms that use sub-sets of the data. These algorithms are
presented in the next chapter.
Chapter 5
Algorithms for posture recognition
Two distinct approaches to Posture Recognition Method are presented and ana-
lyses and their reliability evaluated. The first is an analytical approach: it is
based solely on the anthropometric data and the use of one only device, a force
plate; the decision of using one only device was made based on the requirements
of simplicity for the overall final commercial feasibility of the system. Force plates
are very accurate devices hence we intended to evaluate weather an algorithm for
Posture Recognition could be implemented based on forces’ analysis. The second
approach is a pattern recognition: it is based on the analysis of patterns of the
data collected within the experimental sessions (in this case the from 17 subjects)
and stored in the Posture Database Training Data Set. This second method can
be easily improved by improving the subjects involved in the experiments session.
A detailed description and algorithms implementation can be found in the
following sections.
It must be said that the number of postures involved in the following analysis
had to be reduced to four. It was revealed, during preliminary tests, that subjects
perform ’slouching’ in a very subjective way; each of them assumes a personal body
configuration, depending on their flexibility and personal perception of comfort.
Also, the way a subject slouches on a seat depends strictly on the Anthropometry
of its body, how tall it is, what is its mass, etc. This makes the posture hardly
classifiable especially within the analytical approach. This particular problem lies
in the rigid body model used which cannot account for the flexibility of the body
and slouching is namely flexibility.
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Also, if one looks at the results of the Principal Component Analysis for
the Posture Recognition method through the experimental approach (see sec-
tion 5.2.4), it is noticeable that the highest number of wrong outcomes of the
algorithm is for Posture 4; simply ’slouching’ is undefined and needs a lot more
complex body model.
5.1 Analytical approach to Posture Recognition
Given the anthropometric study of the human body we developed a Posture Re-
cognition Method only using the statistical Anthropometry and a force plate,
without the use of any further sensors so to respond to the requirement of sim-
plicity for a commercial feasibility of the overall system. We implemented an
algorithm that is able to reconstruct the posture of the subject and the location
of the principal body segments (see figure 5.1) solely from the location of Centre
Of Pressure on the force plate and the total GRF, once the required inputs of
weight and height of the subject are inputted.
In the following sections it is shown that such analytical approach to Posture
Recognition is a feasible option.
The human body was represented by a simple anthropometric model consisting
of (figure 5.1):
1. Upper body: Head, Neck, Trunk, Upper Arms, Forearms, and Hands;
2. Middle body: Thighs;
3. Lower body : Calves and Feet.
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Figure 5.1: Main body segments: Upper Body (blue), Middle Body (red), Lower
Body (yellow).
The only inputs for the algorithm are body mass and height of the subject; the
COP location is needed to determine the posture. The necessary additional inputs
are calculated by using anthropometric tables (mass, length, and location of the
centre of mass of each of the three main segments). From the Anthropometry, the
location of the centre of mass of a body segment is derived in relation to the total
length of the segment itself and expressed as a distance from the proximal end
of the segment. Referring to table 2.2 and 2.4, based on to the data by Clause,
McConvilee and Young [12], the location of the centre of mass of the three main
segments was calculated. Since each segment of the model adopted for this section
includes several smaller segments of the original body model (see section 2.2.3)
the location of the centre of mass of the new main body segments was obtained
as described in the following section.
5.1.1 Preliminary analysis
5.1.1.1 Analysis of unbalanced postures
Before proceeding with the estimation of the location of the centre of mass some
considerations are here outlined.
Our analysis is performed on a 2D point of view and the postures, classified
in table 2.8, are interpreted along the sagittal plane; in this section we investigate
wether movements along the coronal plane, that means asymmetrical postures
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(with respect to the sagittal plane) would affect significantly the location of the
COP. In order to locate those, we analysed how the overall COP location is
influenced by the movement of a single body segment, for example a leg; we
evaluated whether a slightly unbalanced position (non symmetrical: crossing legs,
leaning on one side of the seat, etc.) influences considerably the location of the
overall COP on the force plate. It is known that the body naturally tends to
maintain a balance, while sitting or standing; i.e. if one crosses the right leg on
the left one, the body adjust itself by slightly moving the trunk towards the raised
leg, so to maintain the balance. We expect that the COP of the whole body would
not be displaced considerably when a non symmetrical posture is undertaken.
Preliminary studies were conducted; by analysing images and data recorded
by a force plate, some assumptions were formulated.
Unbalance upright posture Subjects were asked to seat on the chair in an
upright posture; then to perform some mild movements, like leaning sideways,
bending the trunk, crossing one leg over the other. Data were recorded by the
force plates and the location of the COP analysed.
From a basic upright posture the subject was asked to assume the postures
described in table 5.1.
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# Unbalance Description
1 Leaning left The subject leans on its left side and bring
both the arms on the left armchair.The
posture is reproducing the action of looking
out of the window of the airplane or
chatting with the near passenger.
2 Stretching leg The left leg is stretched while the right leg is
in its natural position for an upright sitting.
3 Crossing leg The left leg is crossed on the right leg.
4 Leaning right The subject leans on its right side and bring
both the arms on the right armchair.The
posture is reproducing the action of looking
out of the window of the airplane or
chatting with the near passenger.
Table 5.1: Unbalanced postures. A subject was asked to seat in an upright pos-
ture and perform one of the movement described. The aim of the experiment
was to obtain the location of the COP when the subject moves from a balanced
symmetrical posture (upright) to one of the non-symmetrical listed in the table.
See figure 5.2 for an example of an non-symmetrical posture (number 3).
Figure 5.2: Example of unbalanced posture. See table 5.1, posture 3.
Table 5.2 shows the coordinates of the COP in the xy plane for a unknown
subject. The first line (Upright) shows the COP location obtained through the
statistical analysis of data recorded from 17 subjects; it is the value used in the
database for posture classification (see section 4.2.4). The other rows show the
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location of the COP for the non symmetrical postures described in table 5.1 for
an unknown subject. Figure 5.3 shows the area within the COP is hence located
while undertaking the non-symmetrical postures described. The farthest point
from the location of the COP from the database upright posture is the #2 (see
table 5.2) at a distance of 0.0126 m; hence a circle of radius r = 0.0126m can be
drawn, which we assume approximately represents the location of the COP of any
non-symmetrical posture. The radius of the circle is smaller than the distance
between the location of the COP for two different postures (see table 4.5).
# Posture COPX [m] COPY [m]
Balanced Upright 0.004 0.001
Leaning 1 Leaning side way -0.005 0.003
Leaning 2 Stretching leg -0.001 0.009
Leaning 3 Crossing leg 0.006 0.002
Leaning 4 Leaning side way 0.006 0.004
Table 5.2: Displacement of the COP for non-symmetrical postures. The first row
shows the value of COP location in the database as obtained with the statistical
analysis of the COP location for 17 subjects; the following rows show the location
of the COP for the non-symmetrical postures described in table 5.1.
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Figure 5.3: The blue square indicates the location of the COP for the balanced
upright posture (obtained with the statistical analysis of data from 17 subjects);
the coloured crosses indicate the new location of the COP when the subject per-
forms an unbalanced movement (see table 5.1). The circle represent the area in
which one can expect to find the COP located for any non-symmetrical variation
of the basic posture.
Unbalance leaning backward posture A subjects was asked to seat on the
chair in a leaning backward posture; it was then asked to perform any action
and move his body slightly, still remaining in a leaning backward position. The
subjects hence crossed its legs, on the left and on the right, then stretched its
right leg, as described in table 5.3.
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# Unbalance Description
1 Crossing right leg The subject is crossing its right leg on top of
the left leg, still reaming leaning backward.
2 Crossing left leg The subject is crossing its left leg on top of
the right leg, still reaming leaning
backward.
3 Stretching right leg,
raising right arm
The subjects is stretching the right leg and
raising its right arm.
Table 5.3: Unbalanced postures. A subject was asked to seat in an leaning back-
ward posture and perform one of the movements described. See figure 5.4 for an
example of an non-symmetrical posture (number 3).
Figure 5.4: Example of unbalanced posture. See table 5.3, posture 3.
As before, table 5.4 shows the coordinates of the COP in the xy plane for
a unknown subject. The first line (Leaning Backward) shows the COP location
obtained through the statistical analysis of data recorded from 17 subjects. The
other rows show the location of the COP for the non symmetrical postures de-
scribed in table 5.3. Figure 5.4 shows the area within the COP is hence located
while undertaking the non-symmetrical postures described. The farthest point
from the location of the COP from the database upright posture is the #2 (see
table 5.4) at a distance of 0.003 m; hence a circle of radius r = 0.003m can be
drawn, which we assume approximately represents the location of the COP of any
non-symmetrical posture. The radius of the circle is here again smaller than the
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distance between the location of the COP for two different postures (see table
4.5).
# Posture COPX [m] COPY [m]
Balanced Upright 0.008 0.019
Leaning 1 Crossing right leg 0.012 0.022
Leaning 2 Crossing left leg 0.001 0.015
Leaning 3 Stretching right leg
and raising right arm
leg
0.008 0.021
Table 5.4: Displacement of the COP for non-symmetrical postures. The first row
shows the value of COP location in the database as obtained with the statistical
analysis of the COP location for 17 subjects; the following rows show the location
of the COP for the non-symmetrical postures described in table 5.3.
Figure 5.5: The blue square indicates the location of the COP for the balanced
upright posture (obtained with the statistical analysis of data from 17 subjects);
the coloured crosses indicate the new location of the COP when the subject per-
forms an unbalanced movement (see table 5.1). The circle represent the area in
which one can expect to find the COP located for any non-symmetrical variation
of the basic posture.
Hence, given the two tests performed and described above, one can conclude
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that a slightly unbalanced posture is not significantly affecting the location of the
COP, which remains located within the same area as it would be, relatively to
the symmetrical posture, and two different postures are still distinguishable by
locating the COP. The same investigation was performed for other postures and
different subjects. The same conclusions were drawn.
5.1.1.2 Body segments centre of mass
Once confirmed that the displacement of one segment for a basic balanced posture
does not produce considerable displacement of the COP, the following assumption
were introduced:
• To minimize the required inputs, the body position was considered symmet-
rical with respect to the sagittal plane. However, there is no problem in the
proposed algorithm to deal with asymmetric postures; it is not restricted to
symmetrical postures but the extra inputs would require further sensors.
• The effect of head movements on the COP location was ignored; hence, the
head, neck and trunk are considered as a single segment.
• The location of centre of mass of the forearms was neglected since their
position is symmetrical with respect to the x direction and the mass of
such segments is considerably smaller than the mass of the other segments
involved (trunk, head, neck and upper arms) as one can see in table 2.3:
in other words, considering or not the location of the centre of mass of
the forearms does not produce any relevant change in the location of the
overall location of the centre of mass of the Upper Body Segment; this is
also confirmed by the analysis of unbalanced postures in paragraph 5.1.1.1.
• For the same reason of above the feet were not included as separate entities.
The length of the principal body segments, their mass, and the location of the
centre of mass with respect to the length of the segment are reported in the
following tables (5.5, 5.6a, 5.6b, and 5.7).
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Body Segment Length




Table 5.5: Length of the principal body segments as found in literature (see table
2.2) in relation to the height (H ) of the subject.
Body Segment Mass





(a) Segmental mass of the principal
body segments in relation to the Body
Weight. Arm consists of Upper arm,
Forearm and Hands; Lower Leg in-
cludes Calf and Foot. (source: table
2.3).
Body Segment Name Mass
Upper body m1 0.678·BW
Middle body m2 0.206·BW
Lower body m3 0.116·BW
Total mtot 0.100·BW
(b) Mass of the main body segments in rela-
tion to the Body Weight. Upper body: Head
+ Neck, Trunk, two Arms; Middle body: two
Thighs; Lower body: two Lower legs (data ob-
tained by adding the relative segments from
table 5.6a).
Table 5.6: Segmental mass of single body segments and of the main body seg-
ments. Data are from Clause, McConvilee and Young (1969).
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It was also assumed that:
• the location of the centre of mass of the Upper Body segment coincides with
the location of the centre of mass of the Trunk: since Head and two Arms
have similar mass, with a difference of 1.5% of the total body mass, their
contribution to the location of the overall centre of mass can be neglected.
Hence the location of the centre of mass of the trunk can be considered as
the location of the centre of mass of the Upper Body Segment;
• for the same reason, the location of the centre of mass of the Lower Body was
assumed to coincide with the location of the centre of mass of the Calves;
the mass of the feet is 3% of the total body, relatively small.
In table 5.7 and figure 5.6 the location of the centre of masses is shown.
Segment Name Location
Upper Body COM1 0.380 · Trunk length
Middle Body COM2 0.372·Thigh length
Lower Body COM3 0.475 · Lower leg length
Table 5.7: Location of the centre of mass of the 3 main segments in relation to the
length of the relative segment and calculated from its proximal distance (Centre
of mass of the Upper Body: distance calculated from the hip; Centre of mass of
the Middle Body: distance calculated from the hip; Centre of mass of the Lower
Body: distance calculated from the knee).
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Figure 5.6: Centre Of Mass distances from the relative proximal distance. Length
are reported in table 5.7
Once the centre of mass of each main segment was located, we proceeded with
an estimation of the balance of the forces and the moments.
5.1.2 Postures’ definition
Before proceeding with the description of the analyitcal approach to Posture Re-
cognition, we need to define in terms of angles the postures described in section
2.3.
The angle α defines the orientation of the main body segments in the sagittal
plane; it indicates the inclination of the segments with respect to a vertical axis
(see figure5.7) parallel to z.
CHAPTER 5. ALGORITHMS FOR POSTURE RECOGNITION 153
Figure 5.7: α1 and α2 are the angles between the relative body segment, 1 or
2, and a vertical axis parallel to z. The values that they assume depend on the
posture and they are listed in table 5.8.
Based on the observation of several subjects (they were asked to sit down and
stay ’upright’, then ’lean backward, then ’lean forward’, and so on), we re-defined
each posture described in section 2.3 in terms of angles α. Such values of α were
an an a-priori definition of what we believed to be a the right interpretation of
the postures.
We will refer to the angle α as αki , where i = 1, ..., 3 is the ith segments and
k = 1, ..., 5 is the kth posture. Also, fixed the values of α for each posture,
Posture 1 - Upright Since for Posture 1 there is contact between the back
and the back-rest we assume the force
−→
f located in such point and determined
by the weight of Upper Body body. We assume that the Middle Body and Lover
Body segments are not contributing to creation of force
−→
f . Assumptions:
• the angle between the Upper Body segment and a vertical line parallel to z
axis is; α11 = 0± 5◦ ;
• wpar is given by the Upper Body segment.
Posture 2 - Leaning backward The application point of
−→
f is here again at
the contact between the back and the back-rest (see above). Assumptions:
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• the angle between the Upper Body segment, which is now in a leaning
backward position, and a vertical line parallel to z axis is; α22 = −10◦ ± 5◦ ;
• wpar is given by the Upper Body segment.
Posture 3 - Leaning forward For Posture 3 there is no contact between the
back and the backrest; hence, we assume that the application point of
−→
f is located
at the Hip joint, which is in contact with the seat at the farthest back on the seat
cushion; now the force is determined by the weight of both Upper Body and
Middle Body segments. Assumptions:
• the angle between the Upper Body segment, which is now in a leaning
forward position, and a vertical line parallel to z axis is; α33 = 45◦ ± 5◦ ;
• wpar is given by the Upper Body and the Middle Body segment.
Posture 4 - Slouching It was revealed, during the preliminary tests for Posture
Recognition, that subjects perform ’slouching’ in a very subjective way; each of
them assumes a personal body configuration, depending on their flexibility and
personal perception of comfort. Also, the way a subject slouches on a seat depends
strictly on the Anthropometry of its body, how tall it is, what is its mass, etc.
This makes the posture hardly classifiable. This particular problem lies in the
rigid body model used which cannot account for the flexibility of the body and
slouching is namely flexibility.
If one looks at the results of the Principal Component Analysis for the Posture
Recognition method through the experimental approach (see section 5.2.4), it is
noticeable that the highest number of wrong outcomes of the algorithm is for
Posture 4; simply ’slouching’ is ill-defined and needs a lot more complex body
model.
Posture 5 - Sitting on the edge For Posture 5, there is not contact between
the back and the backrest; hence, we assume that the application point of
−→
f is
located at the Hip joint which is in contact with the seat cushion at its edge; the
force is determined by the weight of both Upper Body and Middle Body segments.
Assumptions:
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• The posture is similar to Posture 1, with the difference that the body is
moved towards the edge of the seat; the angle α has the same values: α51 =
0± 5◦;
• wpar is given by the Upper Body and the Middle Body segment.
Values of α are reported in table 5.8. We also considered a spatial range of
flexibility in which α can slightly vary without falling in a different posture.
Posture Description α1 α3
1 Upright: Body Segment 1 and Body
Segment 3 are aligned with the
vertical
0◦ ± 5◦ 0◦ ± 25◦
2 Leaning backward: Body Segment 1 is
slightly leant backward with respect to
the z axis; Body Segment 3 is aligned
with the vertical.
−10◦ ± 5◦ 0◦ ± 25◦
3 Leaning forward: Body Segment 1 is
remarkably leant forward and Body
Segment 3 is aligned with the vertical.
45◦ ± 5◦ 0◦ ± 25◦
4 - - -
5 Sitting on the edge: Body Segment 1
and Body Segment 3 are aligned with
the vertical.
0◦ ± 5◦ 0◦ ± 25◦
Table 5.8: Values of angle α1 for different postures. They represent the inclination
of Body Segment 1 with respect to the z axis. They are expressed as a range of
variability in within the value of the angle lies without falling in a different posture.
We then tested such assumed values by comparing them with the actual values
measured on subjects: 15 subjects were tested, they were asked to sit and under-
take one of the five postures at the time, and through the use of Simi Motion
software we measured the angles α. The empirical values are reported in table
5.9.
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Posture 1 α1 α3
sub 1 2.34 22.76
sub 2 1.12 12.56
sub 3 1.98 -5.61
sub 4 -3.77 -1.98
sub 5 -8.23 -24.11
sub 6 5.11 13.34
sub 7 -3.45 9.12
sub 8 -3.88 5.76
sub 9 3.54 15.92
sub 10 0.19 -1.89
sub 11 -5.66 8.95
sub 12 -1.29 0.12
sub 13 1.97 28.52
sub 14 0.05 -12.48
sub 15 12.34 -22.12
(a) Posture 1
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Posture 2 α1 α3
sub 1 -12.39 5.03
sub 2 -17.54 -12.64
sub 3 -1.99 22.81
sub 4 -5.34 -5.03
sub 5 -13.09 24.22
sub 6 -15.03 -17.19
sub 7 -11.64 -2.06
sub 8 -9.43 -7.16
sub 9 -9.56 -13.62
sub 10 -3.65 -0.95
sub 11 -6.66 12.72
sub 12 -7.91 -11.34
sub 13 -5.62 30.02
sub 14 -8.42 -23.70
sub 15 -12.45 -5.10
(b) Posture 2
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Posture 4 α1 α3
sub 1 46.31 18.91
sub 2 45.00 -15.25
sub 3 41.38 -22.94
sub 4 29.06 17.14
sub 5 42.77 8.33
sub 6 43.85 2.87
sub 7 49.54 23.44
sub 8 40.10 -22.76
sub 9 40.29 37.87
sub 10 42.09 -1.62
sub 11 32.01 14.66
sub 12 40.24 5.67
sub 13 42.37 -13.18
sub 14 42.32 13.57
sub 15 43.72 16.37
(c) Posture 3
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Posture 5 α1 α3
sub 1 2.63 15.91
sub 2 -4.50 3.16
sub 3 -2.07 -7.77
sub 4 -2.21 -20.04
sub 5 3.73 7.09
sub 6 -3.20 23.95
sub 7 4.43 -17.17
sub 8 -5.98 17.40
sub 9 -1.95 -17.11
sub 10 -4.33 18.15
sub 11 -3.98 -9.21
sub 12 -12.98 12.95
sub 13 -4.60 29.04
sub 14 1.23 11.97
sub 15 3.58 15.41
(d) Posture 5
Table 5.9: Values of α (see figure 5.7) as measured empirically on 15 subjects
within preliminary laboratory tests. The highlighted values are those that out of
the range defined for the relative posture.
It has been impossible to reveal a correlation between the anthropometric
measure of the subject and the out of-rage-data. Also that the majority of the
empirically measured angles stays within our definition of α for the four postures.
5.1.3 Balance of the forces
The approach for the development of the algorithm for posture recognition con-
sisted in analysing the forces and later the moments involved in the balance of the
body while sitting. In order make the calculation simple a new reference system
was introduced, with the origin set on the projection of the hip joint onto the
ground; the z axis is in a vertical direction towards up, the xy plane is parallel
to the ground, the x axis is directed towards the left of the seat and the y axis
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accordingly (see figure 5.8).
Figure 5.8: Location of the Centre of Mass of the main body segments (m1, m2,
and m3 ) in relation to a reference system with origin in 0.
The principle for the balance of forces for a subject in a given steady posture
are:
∑−→
F = 0 (5.1)
−−−→
GRF +−−→wtot +−→f = 0 (5.2)
−−→wtot = −→g · (m1 +m2 +m3) (5.3)
where:
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• −→f is the total force that balances the horizontal components of the GRFs.
It can be thought as determined by the body mass lying on the seat compon-
ents, such as the back-rest or the cushion. Its application point is unknown;
we reckon that it is on the contact point between the back and the backrest
or, if there is not such contact, between the thighs and the seat cushion;
hence its location depends on the posture.
−→
f is determined by the weight
of the body segments and their inclination with respect to the reference axis
through a coefficient of virtual friction µ (see the following equations); such
coefficient is due to a combination of factors, like simple friction between
the body and the support (chair), the support deformation, the deformable
body parts that are assumed rigid;
• −→g is the gravitational force;
• mi is the mass of the ith segment (with i = 1, ..., 3).


















w∗3 = 0 (5.6)
where −−→wpar (partial) indicates the weight of one or two of the main body segments,
depending on the posture (we will see in the following the actual values of −−→wpar);
α and β are the angles between the body segment and the vertical axis; they
are better described as follows. In the third equation, relative to the z direction,
the mass of the segments are indicated as w∗i ; it is the value of the weight of the
ith body segment wi reduced of a percentage; such percentage depends on the
magnitude of the horizontal GRF components. In other words, since GRFz is
a certain percentage of the total GRF, it means that only a percentage of the
segments weights contribute to such vertical component. For example, if GRFz is
the 90% of the total weight, then w∗1 = 0.9 · w1; idem for w∗2 and w∗3.
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The first and second equation represent the balance of the forces in the ho-
rizontal direction x and y. The horizontal components of the ground reaction
forces (GRFx and GRFy) are balanced by forces
−→
f applied at the contact points
between the body and the seat elements (such as the backrest or the cushion)
depending on the actual posture assumed by the subject through the coefficient
µ. The third equation is the balance of forces in the vertical direction z.
As explained in section 2.3, the postures are classified as symmetrical with
respect to the sagittal plane and we no longer are interested in the x direction;
infact we are studying the problem of posture recognition as a 2D problem, which
is a projection of the real 3D body on the sagittal plane. Also, in section 4.2.4
is highlighted as the COP location changes noticeably in the y direction when
the posture is changed; the displacement along the x axis is not sizeable (see
figure 4.13); hence the postures can be differentiated by only analysing the COP
location in y direction. We will discard from now on the analysis of forces on the
x direction.






Values of coefficient µ were hence found, and they are reported in section ??.
5.1.4 Balance of moments
The principal equation for the balance of moments for a subject in a given steady
posture is:
∑−→
M = 0 (5.8)
The moments are given by the weights of the body segments, the Ground
Reaction Forces, and the eventual force f mentioned in the previous section. We
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can decompose the formula as follow:





f ×−→df = 0 (5.9)
and at the same, given the definition of the Centre Of Pressure (see section
3.1.2.2) as the point of application of the resultant force between two contacting
surfaces, we can state that:









• −−−→dCOMi is the location of the Centre of Mass of the ith Main Body Segment
from the origin of the reference system (see figure 5.9);
• −−−→COP is the location of the Centre of Pressure;
• wi is the mass of the ith segment (with i = 1, ..., 3);
• −→f is the force balancing non vertical reaction forces that can be intended as
friction due to partial body mass exerting on the seat components (backrest
or cushion); it is obtained in the previous section as
−→
f = |−−→wpar| · sinα1 · µ.
• −→df is the distance between the origin of the reference system and the applic-
ation point of f .
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Figure 5.9: Distances of the Centre Of Masses from the origin of the reference
system.
We assume that the location of the COM of each body segment is known for a
given classified postures (given the definition of the postures in terms of α); hence
we can obtain an approximate evaluation of the location of the overall COP from
the equation above. The overall COP is then compared with the experimental
COP value for the posture into account obtained as the statistical average between
18 subjects. By doing so we evaluate whether the present analytical approach can
lead to an accurate Posture Recognition algorithm.
The equation of the balance of the moments was re-written for a single posture
and projected on the relative axis so to switch to scalar products (since directions
of forces are all known), keeping in mind the following:
• the Hip joint is considered to be in a fixed location for all the postures apart
for posture 5 (’Sitting on the edge’); it is located at the farthest back on the
seat cushion, while for posture 5 it is located on the front edge of the seat
cushion;
• the projection of the Hip joint on the y axis defines the origin of the reference
frame used (see figure 5.8);
CHAPTER 5. ALGORITHMS FOR POSTURE RECOGNITION 165
• moments are calculated with respect to the origin of the reference frame.
Let us transform the equation (21) into scalars: the right hand side simply becomes
the product of the z component of GRF and the y component of the COP location
(since the z component of GRF does not contribute to generating a moment), and
the left hand side becomes the product between the w∗i and the y component of


















• the apex k indicates the kth posture (k=1,...,5 );
• −−−−−→COMky,i is the location of the centre of mass of the ith main body segment
along y direction for posture k (y component of dCOMi) ; they are also the
distances between the vectors
−→
w∗i and the z axis;
• −→d is the distance between −→f and the y axis;




d are calculated based on the postures since they vary with them.
Let us calculate the values of such distances and so the location of the overall
COP. See table 5.8 for the angles value.
Posture 1 - Upright Assumptions:
• the angle between the Upper Body segment and a vertical line parallel to z
axis is; α11 = 0± 5◦
• the angle between the Lower Body segment and a vertical line parallel to
the z axis is: α13 = 0± 25◦.
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d1 = hs + COMUBcos(α
1
1) (5.15)

















Posture 2 - Leaning backward Assumptions:
• the angle between the Upper Body segment, which is now in a leaning
backward position, and a vertical line parallel to z axis is; α21 = −10± 5◦
• the angle between the Lower Body segment and a vertical line parallel to
the z axis is: α23 = 0± 25◦.




COM2y,2 = COMMB (5.18)
COM2y,3 = COMLB · sin(α23) (5.19)
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Posture 3 - Leaning forward Assumptions:
• the angle between the Upper Body segment, which is now in a leaning
forward position, and a vertical line parallel to z axis is; α31 = 45± 5◦
• the angle between the Lower Body segment and a vertical line parallel to
the z axis is: α33 = 0± 25◦.




d3 = hs (5.23)



















Posture 4 - Slouching Analysis not conclusive. See section 5.1.2.
Posture 5 - Sitting on the edge Assumptions:
• The posture is just like posture 1, with the difference that now the body is
moved towards the edge of the seat, so to have: α51 = 0±5◦and α53 = 0±25◦.























We obtained COP 1y , COP 2y , COP 3y , and COP 5y which are the location on the
y axis of the COP of the whole body for each posture. Each of them is a range of
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values determined by the range of variability of the angles α. What is relevant to
our purpose is to define the minimum and maximum values, which will determine
the spatial range along the y axis in which the COP for the specific posture is
located. See table 5.12 for the results.
5.1.5 Algorithm implementation
A Matlab computational routine was implemented, operating as described in the
following diagram:
Figure 5.10: Diagram of the Matlab routine for the Posture recognition algorithm.
1. Inputting data: the inputs for the algorithm are the following:
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(a) Statistical Anthropometric data (body segments length, mass, and
centre of mass location, in relation to the height and the weight of
the subject);
(b) Seat configuration parameters (height and width of the seat);
(c) Anthropometric data of the subject (height and weight);
(d) Threshold: by using the data obtained with the experimental sessions
from 17 subjects, the minimum reciprocal distance between the COPy
locations for the 4 classified postures (’Slouching’ was discarded) along
the y axis was calculated and it is 0.018m; see tables 5.10 and 5.11
and figure 5.11. Such value is considered to be the threshold value to
distinguish without uncertainties between postures.






Table 5.10: COPy location statistically obtained by analysing 18 subjects. See
table 4.5.
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COPy Distance [m]
Pos1 - Pos2 0.018
Pos1 - Pos3 0.065
Pos1 - Pos5 0.090
Pos2 - Pos3 0.083
Pos2 - Pos5 0.108
Pos3 - Pos5 0.025
Minimum 0.023
Table 5.11: Reciprocal distances of the location of the statistical mean of the
COPy obtained experimentally. The smallest reciprocal distance indicates the
value used as a threshold for the Posture Recognition algorithm. Posture 4 has
been discarded since is not involved in the algorithm.
Figure 5.11: Smallest reciprocal distance of the location of the COPy. It occurs
for the postures 1 and 2.
(e) Real time data reading by the force plate for a static undetermined
posture (real time GRFs and location of the COPy); such data are
recorded with a selected frequency adjusting the settings of the Simi
Motion software. A frequency of 100 Hz is sufficient for the purpose
of the analysis and GRFs and COPy location are averaged among an
acquisition of 1 second. The interval time of averaging can be easily
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modified in the algorithm.
2. Estimation of the anthropometric parameters of the subject: given the in-
puts of above, the length, mass and centre of mass location for each Main
Body Segment are estimated as shown in tables 5.6b and 5.7.
3. Estimation of the lower and upper limit of the COPy range location: the
spatial range where the COPy is located for each of the four postures is
estimated (one range per posture), as explained in section 5.1.3 and 5.1.4
and shown in table 5.12.
4. Analysis: the estimated COPy range location for each posture is compared
with the COPy recorded by the force plate.
The analysis is performed in the following way:
• First the distance of the experimental COPy (recorded by the force
plate) from the lower (COPy,lo) and the upper (COPup) limit of the
range of location for each posture are calculated: Distancelo andDistanceup;
• then, the smallest between the two distances mentioned above (Distancelo
and Distanceup) is chosen as a reference distance (Distanceref ) for the
relative posture;
• finally, the smaller Distanceref is chosen as indicating the posture un-
dertaken by the subject.
5. Uncertainty: if the smaller Distanceref is bigger than the threshold defined
above, then the algorithm will re-run from the beginning. Since the COPy
recorded by the force plate will be slightly different at the time t+1 seconds
(a subject is never still, but small fluctuation of the COP will occur) a
new estimation of the parameters and the COPy range location will occur,
with a new reference distance. The last step is repeated in a loop until
the requirement about the threshold is meat. Hence, the final output is
displayed and the posture assumed to be recognised.
6. Database storage: the final output is recorded and stored in a database.
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Practical test - part 1 Several subjects were tested to investigated whether
step 1, 2, and 3 of the algorithm described above (the evaluation of the COP loc-
ation) bring results responding to the reality and whether such location would be
discrete enough to allow us to determine the posture of a subject (and from here
its main body segments location). 5 subjects were tested ; anthropometric data
were inputted in order to calculate further anthropometric parameter (like ex-
plained in section 5.1.1.2); the COPy location was obtained by using the equation
5.16, 5.21, 5.26, and 5.31; the results are shown in the table 5.12.











Sub 1 1.70 65 -0.050 0.010 0.002
Sub 2 1.60 50 -0.053 0.004 0.002
Sub 3 1.80 85 -0.047 0.017 0.002
Sub 4 1.75 50 -0.048 -0.048 0.002












Sub 1 1.70 65 -0.075 -0.015 -0.027
Sub 2 1.60 50 -0.077 -0.020 -0.027
Sub 3 1.80 85 -0.074 -0.010 -0.027
Sub 4 1.75 50 -0.075 -0.075 -0.027












Sub 1 1.70 65 0.058 0.111 0.067
Sub 2 1.60 50 0.049 0.099 0.067
Sub 3 1.80 85 0.067 0.123 0.067
Sub 4 1.75 50 0.063 0.063 0.067
Sub 5 1.65 65 0.053 0.105 0.067
(c) Posture 3











Sub 1 1.70 65 0.100 0.160 0.090
Sub 2 1.60 50 0.097 0.154 0.090
Sub 3 1.80 85 0.103 0.167 0.090
Sub 4 1.75 50 0.102 0.102 0.090
Sub 5 1.65 65 0.099 0.157 0.090
(d) Posture 5
Table 5.12: Lower and upper limit of the COP location in the y direction as
obtained with the equation 5.16, 5.21, 5.26, and 5.31. The anthropometry of
five random subjects was used. The last column shows the value of the COPy
coordinate as stored in the Posture Database.
Data in table 5.12 are plotted in the following graphs. The coloured markers
are showing the lower and upper interval of the COP location range (one range per
subject) and the red cross indicates the value of COPy obtained by analysing 17
subjects and used for the Posture Database. One can notice that the experimental
value is always within or near the range determined analytically.
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(d) Posture 5.
Figure 5.12: Posture dependent range of COPy location for 5 unknown subjects
(see table 5.12). Same colour markers indicate the lower and upper limit of the
spatial range of COPy location per subject; the red cross indicates theCOPy
location as obtained by the statistical average for all conducted trials as reported
in section 4.2.4.
Discussion By analysing the position of the main body segments, as explained
in section 5.1.3, the location of the COP in the y direction was estimated. We
assumed that, for a given classified posture, the body angles α have a specific
value ± a small range of variability due to the adaptation of the Anthropometry
of the subjects to the seat features; hence the location of the COP in y direction
for one posture, obtained by analysing the location of the Centre Of Mass of
the main body segments and the angles α, is indicated as a range. Such range
determines the spatial interval along the y axis where one should expect to find
the global COPy to be located for the specific posture. It was then compared to
the COPy obtained within the experimental approach reported in section 4.2.4.
As one can notice, the location of the COPy obtained experimentally is within or
(in one case) very close the range obtained analytically.
Practical test - part 2 Let us now work with the subject referred to as sub1;
we investigated whether, through step 4, 5, and 6 the algorithm makes a right
guess on the posture of the subject. Results are reported in table 5.13: the first
column shows the COPy recorded by the force plate for an unknown subject un-
dertaking an unknown posture. The third and the fourth columns show the lower
and upper limit of the COPy location range calculated by the algorithm. The
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sixth and seventh columns show the distance of the Database COPy form the
COPy,lo and COPy,up. The last column shows the distance used as reference for
the selection of the posture and is the smaller among the distances reported in
the sixth and seventh columns. Finally, the smaller among the reference distances
indicates the recognised posture, which in the example is Posture 1. The un-
certainty is evaluated: the smallest reference distance (0.006m for Posture 1) is
smaller than the threshold defined above (0.018m); hence we assume that there is
not uncertainty and the actual posture of the subject can be classified as Posture
1.
Figure 5.13: Example of Distancelo and Distanceup. They represent the distance
between the COPy real time reading from the force plate at a specific time and
the analytically evaluated lower and upper limits of the location of the COPy
for a specific posture (in the picture is Posture 1). Such distances are used to
determine the reference distance and evaluate whether the guess of the algorithm
is reliable (see section 5.1.5).
The algorithm performed a right guess. In the following an evaluation of
percentage of right guesses is presented.
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5.1.6 Results
With a simplified anthropometric analysis of a seated subject a right guess about
its posture is often performed, even though is not always possible to uniquely
determine it; one can see in table 5.14 the accuracy of the analytical method.
The tests were performed on four unknown subjects; each of them assumed an
arbitrary posture 5 times for a total of 20 tested postures. The percentage of right
guesses is presented in table 5.14.
Posture Accuracy
1 Upright 75%
2 Leaning backward 70%
3 Leaning forward 85%
4 Slouching -
5 Edge 80%
Table 5.14: Accuracy of the analytical approach to Posture Recognition. The
percentage indicates the right guesses of the algorithm given 20 unknown postures.
5.2 Pattern Recognition approach
The approach described in the following sections is based on the analysis of data
stored in the Posture Database, explained in section 2.4. The method consists
in performing a comparison between data of an unfamiliar subject (pressure mat,
force plates, and eventually a camera) and data stored in the database to obtain
the posture.
5.2.1 Introduction
Several previous studies were conducted in order to develop algorithms for pos-
ture recognition. The works are all based on the use of pressure-sensing devices
(pressure mats) placed on the seat cushion and backrest. The used pressure mats
consisted of several thousand of pressure sensors [46, 67, 58]. The goal of the
present study is to develop a posture recognition method using a pressure mat
CHAPTER 5. ALGORITHMS FOR POSTURE RECOGNITION 181
composed of a small number of sensors and by integrating other devices, such as
a force cell or a camera (see 3.1 for description of the devices used); one needs to
keep in mind that we want to maintain the number of sensor or devices involved
low, for minimum weight and for simplicity of the system. We want also to de-
termine whether only a pressure distribution analysis and ground reaction forces
analysis is sufficient for an accurate posture recognition method, or the additional
analysis of images is needed. Data obtained within the experimental sessions, and
processed with a statistical analysis are here further analysed in other to classify
postures. The approach followed the Principal Component Analysis.
PCA has the purpose to reduce large dimensionality data (observed variables)
to a smaller dimensionality of features which are needed to describe the data
economically. . It can perform prediction, redundancy removal, feature extraction,
data comparison. Even though the dimensionality of the data at the actual state
is not high, the Training Data Set can be easily furtherly populated. PCA was
implemented and tested. Results are reported in the following sections.
5.2.2 Principal Component Analysis
Each posture is described by a certain number of variables (n). In the present
study a total of 28 variables was used to determine the posture (see 4.2.1 on
page 89). The approach undertaken for the posture recognition is based on the
Principal Component Analysis ([33]) or ’eigenspace method’. It schematically
works on two main steps:
1. Calculating eigenpostures from a Training Data Set;
2. Using eigenpostures to classify a Test Data Set.
Calculating the eigenposture spaces The approach to posture recognition
involves the following operations (see section 5.2.3):
1. Acquisition of a Training Data Set for each posture from the Posture Data-
base (see 5.2.3 for clarifying the Training Data Set).
2. Calculation the eigenposture space from the Training Data Set (as described
in the following).
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Classify a Test Data Set The following steps are performed to recognise a new
set of data (Test Data Set) corresponding to a new unknown sample of variables
distribution (pressure, reaction forces, image):
1. Calculation of a set of weight based on the projection of the Test Data Set
onto each of the eigenposture;
2. Reconstruction of the Test Data Set using the weights;
3. Calculation of the distance between the Test Data Set and the reconstructed
Test Data Set.
The smallest distance determines the type of posture. If the smallest distance is
over a threshold, the posture is classified as unknown.
5.2.3 Calculating the eigenposture space
Posture training Let the Training Data Set for posture k be Xk = {Xi},
where Xi = {x1,i, ..., xntot,i}Tand:
• the subscript i indicates the ith sample; the sample refers to a subject;
• i = 1, ...,mfin; mfin is the final number of subjects analysed (mfin = 9);
• xi,ntot is the value of the nth variable, and ntot is the total number of variables
analysed (ntot = 28);
so that Xk has dimension ( ntot × mfin = 28 × 9) and represent the variables
distribution for several samples for posture k.







and the the Training Data Set X is then de-meaned as:
Φi = Xi − X¯ (5.33)
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and φi is called the Mean Adjusted Data Set. The Mean Adjusted Data Set
vectors are stuck to form a matrix Φ that has hence the same dimensions of X.












which is is of size n × n. The covariance matrix represents how the variables
are related to each other and in what measure, i.e. how one variable varies with
respect to the others. The eigenvectors and the eigenvalues of C determine the
eigen-decomposition of the training samples. C can be a large matrix depending
on the number of variables we choose to use (in our case as a first trial 28 variables
have been used so that C has size 28 × 28) and computation of its eigenvectors
can be computationally expensive. Since m = 9 < n, no more than m eigenvalues
are non-zero. Since the highest eigenvalues of a covariance matrix represent the
relevant variables, i.e. principal components, working on a covariance matrix of
size m × m will not let us to loose in accuracy. The eigenvectors of our large
matrix C and those of the m ×m matrixC ′ = 1
m
Φ′Φ are related in the following
manner. Let the vectors viof size m× 1be the eigenvectors of C’. Then
1
m
ΦΦ′vi = µivi (5.35)
where µiare eigenvalues. Pre-multiplying by Φ yields:
1
m
ΦΦ′(Φvi) = µi(Φvi) (5.36)
So the eigenvalue and the eigenvectors of C are µi and Φvi respectively.
The eigen-decomposition of the training samples consist in finding the m ei-
genvectors viof C’ and the corresponding eigenvectors of C, ei of size n× 1:
ei = Φvi (5.37)
The n ei are then the axes for the eigenposture space, which is a reduced dimen-
sional space for representing the original variables distribution.
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The procedure for obtaining the eigenposture space for posture k is repeated
for each of the five postures.
Posture classification Given an unknown Test Data Set Xt, we want now to
find the class of posture that represents it.
First we subtract from the Test Data Set the mean of posture k to find the
mean-adjusted test sample φt:
φt = Xt − X¯k (5.38)
This is the projected onto the m eigenvectors of eigenposture space k so to









where ei is the ith eigenvector for posture k.
The reconstructed test map φ̂t is hence the projection of the original test map
(Test Data Set) onto the eigenoposture space for posture k. The same procedure
is repeated for all the k postures.
The distance between the test map and the reconstructed test map represent
the distance between the test map and the posture k.
dk =‖ φt − φ̂t ‖ (5.41)
The posture space that leads to the smallest distance d is considered as the
posture label for classifying the posture of the unknown test map.
5.2.4 PCA results
The PCA algorithm was developed as described in the previous paragraph, and
three kinds of tests were conducted in order to evaluate its accuracy.
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1. Evaluation of the algorithm results accuracy based on the number of vari-
ables previously introduced (ntot = 28);
2. Evaluation of algorithm results accuracy after reducing the number of vari-
ables from 28 to 24, discarding images related data (ntot = 24) ;
The last four rows of tables a, b, c, d, and e in 4.10 were deleted from the
matrices Xk; they are the variables related to the images. We wanted to
test whether the system could be composed only of pressure values or force
plates.
3. Evaluation of algorithm results accuracy after the number of variables is
increased by adding data about the COP spatial coordinates from Force
Plate 1 and Force Plate 2 separately (ntot = 32).
The two rows of tables a, b, c, d, and e in 4.10 relative to the COPx and
COPy were replaced by the following ones:
In order to test the number of right deductions of the posture recognition al-
gorithm, 8 new unknown subjects were tested; those 8 subjects were unfamiliar,
which means that they were not involved in the experiment sessions for the cre-
ation of the Training Data Set. We measured the accuracy of the method as the
percentage of right guesses of the posture of the subject out of the total trials,
for the three different situations mentioned in (1), (2), and (3) above. The results
are reported in the following tables (5.22).
The algorithm, developed in Matlab, requires the following parameters as in-
puts:
• n: number of variables analysed;
• XT : Test Data Set, which consists in a column vector of n lines, where each
line represents a specific variable value.
As output, we obtain a vector Dk : (1 × 5) where each column indicates the
distance between the reconstructed test mat and the Test Data Set for posture k,
as described in the previous section: the smaller value indicates the posture that
the variables of the Test Data Set represent.
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To better understand one can look at the following image (5.2.4); it represents
an unfamiliar subject sitting on the chair in a requested posture. It needs to be
specified that the subject, even though he/she was asked to assume a specific
posture, is not familiar to the Posture Database.
Table 5.16 shows the values of the 28 variable initially involved, recorded by the
devices. Such vector is the input for the algorithms, it is processed and analysed
with the Principal Components Methods. As output we obtain the Distance vector
Dk as we can see in table5.17. Such vector shows that the smaller distance is d5
which means that the system has recognised the subject as ’Sitting on the edge’:
this was a successful guess.
Figure 5.14: Unfamiliar subject sitting on the chair. The data relative to this
image were used as Test Data Set to analyse the output of the Posture Recognition
algorithms.
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Fx,seat 0.02 [% BW]
Fy,seat 0.02 [% BW]
Fz,seat 0.00 [% BW]
Fx,floor 0.78 [% BW]
Fy,floor 0.02 [% BW]
Fz,floor 0.20 [% BW]
COPx -0.01 [m]
COPy -0.10 [m]
Hip angle 258.15 [o]
Knee angle 90.31 [o]
Xshoulder 0.46 [m]
Xhip 0.36 [m]
Table 5.16: Test Data Set XT for an unfamiliar subject relative to figure 5.2.4.
The numbers represents the values related to the variable listed on the right. The
third column indicates the unit system (%BW: percentage of the body weight).
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d1 d2 d3 d4 d5
106.51 180.64 129.25 665.69 92.48
Table 5.17: Distance vector Dk for the Test Data Set reported in table 5.16
Another example shows how for some postures or subjects the system can not
clearly distinguish between two postures. Image 5.15 shows an other unfamiliar
subject, and table 5.19 shows the output of the system. Since the smaller quantity
is d1 one can assume that the posture is recognised as Posture 1, ’Upright’; but
the difference between d1 and d2 is very small, compared with the other distance
values, and that shows the uncertainty of the system for similar postures.
Figure 5.15: Unfamiliar subject sitting on the chair. The data relative to this
image were used a Test Data Set to analyse the output of the Posture Recognition
algorithms.
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Fx,seat 0.11 [% BW]
Fy,seat 0.04 [% BW]
Fz,seat 0.01 [% BW]
Fx,floor 0.79 [% BW]
Fy,floor 0.04 [% BW]
Fz,floor 0.19 [% BW]
COPx 0.02 [m]
COPy 0.03 [m]
Hip angle 248.81 [o]
Knee angle 107.14 [o]
Xshoulder -0.02 [m]
Xhip 0.26 [m]
Table 5.18: Test Data Set XT for an unfamiliar subject relative to figure 5.15.
The numbers represents the values related to the variable listed on the right. The
third column indicates the unit system (%BW: percentage of the body weight).
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d1 d2 d3 d4 d5
71.10 73.74 144.10 438.55 188.60
Table 5.19: Distance vector Dk for the Test Data Set reported in table 5.18
Finally, as last example, we want to show how the increased number of vari-
ables, from 28 to 32, introducing COP for single force plates, increases the per-
centage of the right guesses of the system. As one can see in table 5.21 the posture
is recognised as to be Posture 3, ’Leaning Forward’, which is actually the posture
of the subject. The key point is that such distance is considerably smaller than the
others, determining the higher accuracy of the guess, compared to the previous
examples.
Figure 5.16: Unfamiliar subject sitting on the chair. The data relative to this
image were used a Test Data Set to analyse the output of the Posture Recognition
algorithms.



















Fx,seat 0.03 [% BW]
Fy,seat 0.01 [% BW]
Fz,seat 0.03 [% BW]
Fx,floor 0.03 [% BW]
Fy,floor 0.71 [% BW]
Fz,floor 0.28 [% BW]
COPx -0.01 [m]
COPy -0.06 [m]
Hip angle 298.46 [o]












Table 5.20: Test Data Set XT for an unfamiliar subject relative to figure 5.16. The
numbers represents the values related to the variable listed on the right. The third
column indicates the unit system (%BW: percentage of the body weight).The last
four rows have been introduced, in order to evaluate the accuracy of the system.
d1 d2 d3 d4 d5
138.40 210.01 45.85 619.36 158.09
Table 5.21: Distance vector Dk for the Test Data Set reported in table 5.20
Final results of the percentage of the right guesses and so the overall accuracy
of the Posture Recognition System based on the Principal Component Analysis
method are reported in the following section.




2 Leaning backward 75.0%
3 Leaning forward 91.6%
4 Slouching 58.3%
5 Edge 87.5%




2 Leaning backward 66.6%
3 Leaning forward 62.5%
4 Slouching 50.0%
5 Edge 70.8%




2 Leaning backward 75.0%
3 Leaning forward 95.8%
4 Slouching 62.5%
5 Edge 91.6%
(c) Number of analysed variables = 30
Table 5.22: Results of the Posture Recognition Method based on Principal Com-
ponents Analysis. The accuracy is measured as the percentage of right guess of
the posture out of the total of the trials.
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Figure 5.17: Accuracy of the Posture Recognition Method VS the number of
variable analysed.
It can be noticed that:
• An improvement of the accuracy occurs when the number of variables in-
creases, specially for posture 3 (Leaning Forward).
• Posture 4 (slouching) is the one that is recognised with the least number of
successes, independently of the number of variable analysed. This confirms
what was stated before such as a ’slouching’ posture ha a very personal
interpretation and hence is difficult to classify.
5.3 Conclusions
In this chapter we presented two different approaches to Posture Recognition.
They involved different sensors or devices and analysed different postures. We
also presented an overall accuracy for both of the approaches.
The Analytical approach is based on the solely use of a force plate and, even
though it requires some anthropometric data from the subject, it mets the re-
quirements of minimum number of sensors or devices involved, and simplicity.
On the other side a force plate is an expensive device and that doesn’t meet the
requirements of low cost; also, it would require a deeper analysis regarding the
integration in the seats (which is not part of the actual study). Such approach is
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incapable of determine Posture 4, ’slouching’, given a too different interpretation
of ’slouching’ by the subjects, so that the final number of recognised postures
reduced to 4, from an origial number of 5.
In terms of results, we tested 4 subjects undertaking 20 postures; we obtained
positive results (in terms of right guesses) with a percentage between 70 and 80%.
For a higher accuracy a more accurate model is necessary, that takes into ac-
count the bending of the spine, a study about muscle contraction, that involves
a higher number of body segments; gaining in accuracy, such model will require
a high cost in the implementation of the algorithm. Also, a more accurate model
will increase the number of variables involved in the posture classification; con-
sequently, the more variables one takes into account, the more subjective the
posture becomes, making impossible a subject independent classification of pos-
tures. It should be pointed out that, in order to describe a seated posture in a
subject independent way, the body needs to be modeled with a minimum number
of variables; a compromise between accuracy and objectivity of the problem was
needed.
Finally, in order to overcome the blurred zone between the the guesses of
postures, a second approach to the problem was devised, based on the analysis of
patterns in the data stored in the Posture Database.
The Pattern Recognition approach is based on the use of force plates, pressure
mat, and images analysis, and it is relies on the Posture Database. It was eval-
uated how the accuracy of Pattern Recognition method varies with increasing /
decreasing the number of variables involved. One can notice (see figure 5.3) that
the posture with the smaller percentage of right guesses is Posture 4, ’Slouching’;
this is due to the high standard deviation of the data that generally occurred for
variables in Posture 4; the PCA algorithm finds hard to get the the right guess
when data have a big spread around their mean. We can infer that a highest
number of tested subjects can reduce the standard deviation of the data, leading
to a higher accuracy of the method. It can be also noticed how the variables
involved in the analysis influence the overall results for posture recognition; hence
a further investigation of the variables that best suit the accuracy of the method,
like increasing the number of the pressure sensors, combining the GRFs for the
two force plates, or eventually discarding less relevant variables like GRFx and
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GRFy, can lead to more accurate results.
It was showed that a higher number of variables, brings higher accuracy.
Hence, strength of such approach is that it can be easily improved by 1. increasing
the number of subjects involved within the experimental session, for more accur-
ate data; 2. increasing the number of variable involves, for instance the number
of sensors in the pressure mat.
We can see that the Pattern Recognition approach brought a Posture Recog-
nition method with an overall accuracy between 70% and 98.5% for four of the
postures and 60% for one of them.
Finally, to improve its performance more subject tests can be conducted so
to create a wider Training Data Set; a wider Training Data Set will cost more in





The study presented within the previous sections led to a practical implementa-
tion, a smart seat developed for airplane cabins, capable of sensing and reacting
to passengers’ needs. Given that ’Posture’ is a key aspect of comfort while sit-
ting, by continuously monitoring passenger’s posture we are able to determine
whether they are in a comfortable state (see section 6.3.2), stressed (if repetitive
movements occur), and if prolonged immobility occurs. At the state of the art
no studies were found about real-time seated posture recognition for passengers
of airplanes. Throughout the present chapter a Posture Recognition System was
developed, for static seated postures, and it presented in this chapter. The re-
quirements of minimum weight of the system and small number of sensors were
met.
Also, for such practical implementation we proceeded towards s further step
in the use of a Posture Recognition System, which is the extraction of information
about passenger activity: the actual posture of the passenger is closely related to
its activity, hence seat features can be adjusted accordingly.
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6.2 Posture analysis for SEAT project
The presented study is part of the SEAT project, investigating new technologies
to improve the comfort in airplanes cabin. Within the project, the posture of
the passenger is first analysed and subsequently passenger’s activity is evaluated
in terms of metabolic rate and class of activity, i.e. office work, having a meal,
relaxing, sleeping.
An initial prototype of a smart seat for physiological monitoring of the user
was presented in Toulouse in 2009. See figure a, b, c, and d in 6.1.
(a) (b)
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(c) (d)
Figure 6.1: Mock up for the SEAT Project presented in Toulouse. (a, b): lateral
and frontal view of the sensored seats inside an airplane cabin; (c): personal
screen; (d): sensored seats for testing.
The Posture Recognition Module is based on algorithms implemented in the
present study. The entire posture analysis was based on the pressure distribution
on the seat cushion. Tests were conducted with 17 subjects in the laboratory.
For these tests the seat features were matched against the airplane seats. The
following figures are an example of the pressure distribution while an unfamiliar
subject was sitting assuming some of the classified postures and they are reported
only for illustration.
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Figure 6.2: Example of pressure distribution on the seat cushion. The values are
in mV . A, B, C, D, and 1, 2, 3, and 4 indicate the relative pressure sensor. The
data were recorded at the final SEAT Project mock up in Toulouse 2009.
Figure 6.3: Name and location of the sensors in the pressure mat matrix in relation
to the seat cushion.
The plots show a view of the seat from above. The top side is where the
knees of the subject are, the bottom side is the back of the chair (see figure 6.3).
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As one can see, the location of the peaks moves forward from Posture 1, sitting
upright, to Posture 4, slouching, as one can expect since the pelvis moves towards
the front edge of the seat. The magnitude of the peaks is also determining the
posture: postures like ’Leaning Backward’ and ’Leaning Forward’ present small
values of the pressure peaks, since part of the body mass is now applied on the
back-rest.
A Java routine was developed to analyses in real time the pressure distribu-
tion and interlink with other modules of the integrated smart seat. The outputs
consisted of deducted postures with a frequency of one per minute. Some addi-
tional outputs described below were introduced to facilitate an integrated smart
seat system or personalised environment. The Java implemented routine works
as follow:
• Acquisition of pressure distribution in real time; the pressure mat provides
data with a frequency of 3 Hz.
• Acquisition of the temperature values recorded on the backrest by integrated
temperature sensors (frequency of 3 Hz ).
• Analysis of the data:
– the database of pressure distribution (created within the statistical
analysis described in section 4.2.6.1) is loaded in the routine;
– all data recorded within a minute are averaged;
– the peaks of pressure are located and analysed together with the gradi-
ent of temperature on the backrest for a first guess of the posture;
– the pressure distribution is compared with the database for a second
evaluation of the posture;
– the evaluated posture for that minute is recorded and stored (if the two
guesses do not match, a specific record is recorded).
• Posture records are stored in a database (1 record per minute).
The pressure distribution analysis gives the following outputs:
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• 1, 2, 3, 4, or 5 when the posture is recognised without ambiguity (each
number refers to a posture type);
• 1-2, 1-2-3, 1-3, etc when there is uncertainty between two or more postures
(a pair of numbers or a triple refers to the two or three potential postures
relatively);
• 1000 when the posture can not be detected (for example when the data are
not steady, i.e. the subject is moving on the seat);
• 0 when the data are null, which indicates the subjects is not seated at the
moment.
In table 6.3 one can see an example of the real time Java routine outputs, together
with the activity analysis as explained in the next section.
6.3 Activity analysis
An other module of the SEAT project analyses the passenger temperature sensa-
tion: the metabolic rate of a person depends on the activity it undertakes at the
moment, and strongly influence its thermal sensation (an example of metabolic
rate is reported in table 6.1); for an accurate thermal sensation analysis (essential
part of comfort in a personalised environment) the activity level is a necessary
information. Moreover, activity influences the heart rate or the stress level of
the subjects, parameters involved in the SEAT project. Activity information are
extrapolated from the posture analysis; each posture analysed within the Posture
Recognition Module is associated to a level of activity.
The activities were classified based on their level of intensity: ’Very Low’,
’Low’, and ’Light’ (see figure 6.2). Finally, based on the activity level, a Passenger
Status is also determined, as explained below. It should be pointed out that
the activity evaluation through Posture Recognition Module is only a first step
towards the overall activity analysis, which is not a part of this work.
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Activity Metabolic rate (W/m2)
Reclining 46
Seated, relaxed 58
Sedentary activity (eating, typing) 70
Table 6.1: Metabolic rate as function of the activity for mean body subject.
6.3.1 Activity level analysis:
Four levels of activities are outputted by the algorithm, and they are:
• Level of Activity 0 : it occurs when passenger is absent;
• Level of Activity 1 - ’Very Low’: it indicates that the passenger might be
asleep or not performing any action at all - it is associated with Posture 2
or Posture 4 (’Leaning Backward’ and ’Slouching’);
• Level of Activity 2 - ’Low’: it indicates that the passenger is awake but
relaxing - it is normally associated with Posture 1 (’Upright’);
• Level of Activity 3 - ’Light’: it occurs when the passenger is active - it is
associated to Posture 3 (’Leaning Forward’).
Posture 5 was not considered for the project but introduced later as a part of this
thesis. Full details are reported in the SEAT project report [53].
6.3.2 Passenger status
There are two options for the status of the passenger, comfortable and alert situ-
ation. The output indicators are:
• 0: comfort. There is no need of action; the passenger is in a neutral state
of posture or activity.
• 1: immobility. It occurs when a prolonged immobility is detected, i.e. a
constant value of the pressure distribution for a time interval longer than
1 hour. (It was found in medical studies that warnings should occur at
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the least after 60 minutes of prolonged immobility. For the SEAT proto-
type, a warning message alerts the passenger through a personal monitor,












12 (1 or 2)
123 (1, 2, or 3)
















Table 6.2: Recognised Postures and Level of Activity (as
numbered in the algorithm output) for the real time Posture Re-
cognition Module and Activity Analysis for the SEAT project.
*Not applicable: when conflicting postures are outputted (i.e. Posture 1 and Posture 2
refers to two different level of activities; if those postures are outputted at the same minute,
the Activity level is not displayed. It is eventually analysed in other modules of the project).





























Table 6.3: Example of a real time Posture Recognition and Activity Analysis
Java routine’s output. The firs column indicates the time of reading; the second
indicates the posture guessed by the system; the last indicates the activity level
of the passenger.
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The SEAT project successfully proved that a Posture Recognition System that
responds to the requirements of simplicity, small number of sensors, minimum
weight and low cost, is feasible. The outputs of the module were utilised for
individual climatic control and an interactive entertainment system.
6.4 Discussion
Within this study we developed novel posture recognition models purely based
on force and pressure data were developed and tested. The models are an im-
portant step in developing an adaptive multi-activity seat which ensures optimal
individualised comfort for a variety of activities and situations. We implemented
and tested two different algorithms for Posture recognition, furthermore they use
significantly less input data compared to existing ones and require very little per-
sonal input (weight and height only). The study led to a practical implementation
and a sample test seat was developed as a part of the FP6 project SEAT, even
though with use of complementary sensors.
Although the Posture Recognition Model showed already good reliability and
accuracy in recognition of seated posture classes, in order to improve its accuracy,
the data base needs to increase in size and develop sub-classes of data relevant to
different sections of the population. Enhanced and fine-tuned database is expected
to further improve the strike rate.
Future work should aim in two directions: improved reliability of the hard-
ware and use of pervasive computing. The existing models need to become more
individualised and more learning features implemented.
Natural directions for further development are:
• a dynamic posture tracking system for a continuous monitoring of not only
steady-state (static) seated postures but also transitional (dynamic) ones
i.e. activity recognition mode;
• a psychological monitoring system through the analysis of the stress level of
the passenger (eventually associated to the hearth rate, breathing frequency
and other parameters);
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• the development of an adaptive seat that adjusts its features based on the
users conditions (posture, activity, stress level, etc.).
Appendix A
Pressure sensors preliminary tests
As described in paragraph 3.1.1.2, tests were conducted on the pressure mat to
perform a preliminary investigation of its functioning and sensors’ response; data
are reported in tables A.1 and plotted in figure A.1.
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Mass (Kg) 0.2 0.4 0.6 0.9
Contact area (m2) 0.0009 0.0009 0.0009 0.0009
Pressure (Pa) 2180 4360 6540 9810
A1 29.33 38.00 50.67 62.00
A2 40.67 54.67 64.00 71.33
A3 40.67 54.67 60.67 79.33
A4 37.33 66.67 78.67 96.00
B1 32.00 54.67 73.33 76.67
B2 42.00 46.00 58.00 66.67
B3 40.67 52.67 68.67 78.00
B4 28.67 42.00 59.33 74.67
C1 46.00 72.67 82.67 98.00
C2 20.67 40.67 51.33 63.33
C3 51.33 69.33 77.33 86.67
C4 42.67 58.67 70.00 79.33
D1 41.33 50.67 58.00 72.67
D2 42.67 55.33 66.00 81.33
D3 31.33 54.67 61.33 76.00
D4 44.67 54.67 65.33 77.33
Table A.1: Preliminary tests on pressure sensors: the data reported were obtained
by averaging data from 3 trials. The first row indicates the mass applied and the
third row the relative pressure value on the sensors; the following rows show the
sensors’ response (in mV )
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Figure A.1: Evaluation of the pressure sensors response (inmV ) to the application
of an increasing load.
A.1 Linear regression analysis
Linear regression method was used to analyse the behaviour of the pressure
sensors.
If ŷi denotes values predicted by the equation, y is the average of the observed
values, and yi is the actual sensor value, then:
• the SS (regression) describes the variation within the fitted values of Y, and
is the sum of the squared difference between each fitted value of Y and the









• the SS (error) describes the variation of observed Y from estimated (fitted)
Y. It is derived from the cumulative addition of the square of each residual,
where a residual is the distance of a data point above or below the fitted









• the SS (total) describes the variation within the values of Y, and is the sum




















The R2 is a value between 0 and 1. A value of 0.99 for example tells that 99%
of the y-values can be approximated through a linear dependency. That implies
that the higher the value, the more accurate the approximation. In appendix A
one can see the values of R2 for each sensor; R2 is never less than 0.912, hence we
can assume a linear approximation of the sensors behaviour .
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A.2 Linear predicted response
Sensor Linear predicted response R2 value
A1 y = 47.73x+ 19.94 R2 = 0.9948
A2 y = 42.98x+ 35.10 R2 = 0.9782
A3 y = 53.26x+ 30.87 R2 = 0.9652
A4 y = 80.13x+ 27.60 R2 = 0.9663
B1 y = 63.62x+ 25.77 R2 = 0.9211
B2 y = 37.20x+ 33.64 R2 = 0.9689
B3 y = 54.57x+ 31.35 R2 = 0.9910
B4 y = 66.85x+ 16.07 R2 = 0.9977
C1 y = 70.72x+ 37.71 R2 = 0.9607
C2 y = 59.05x+ 13 R2 = 0.9779
C3 y = 48.42x+ 45.74 R2 = 0.9627
C4 y = 20.6x+ 12.815 R2 = 0.9847
D1 y = 44.24x+ 32.44 R2 = 0.9782
D2 y = 54.82x+ 32.55 R2 = 0.9950
D3 y = 60.13x+ 24.27 R2 = 0.9526
D4 y = 46.90x+ 35.88 R2 = 0.9983
Table A.2: Linear equation for sensors predicted response and relative R-squared
value.
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Figure A.2: Linear interpolation of the pressure sensors’ response.
Appendix B
Statistics background theory
In the following paragraphs the statistical analysis conducted on the data collected
within the experimental sessions is explained. After the design of the experiments
and after conducting them, the tasks undertaken were:
1. Exploring the data;
2. Estimating quantities.
The definition of the parameters in this chapter follows for consistency quotes in
[1].
B.1 Exploratory data analysis
Data exploration means that we have a close look at the data using summaries
and graphics. Unexpected features and errors in the data can be highlighted and
their processing in inappropriate way avoid. There are different ways of arran-
ging and analysing data in order to produce graphic displays that aid passengers
by demonstrating the trends as well as unexpected occurrences. One important
aspect of exploratory data analysis is to identify structures in the presence of
randomness.
Estimation Statistical estimation is an educated guess of unknown quantity
when we have some observed information about the quantity. Since we can make
errors, we want to choose an estimate that reduces this error as small as possible.
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B.2 Fundamental concepts
The fundamental concepts of statistics differs across research fields, but some of
them can be considered universal:





Sample and population Many statistical analysis involves the need of gener-
alisation about a large population based on specific data from a smaller sample
from the population. The population is a collection of all the things under study; a
sample is a subjects chosen from a population for investigation. A random sample
is the one chosen by a method involving an unpredictable component. Random
sampling can also refer to taking a number of independent observations from the
same probability distribution, without involving any real population.
Central value The most basic statistical summary is the central value that
approximately represents the typical value, the one that one can expect to see
in the situation under study. There are several methods to calculate the central
value, for example the average, the median, and the mode, that are discussed
later.
Variability Another kind of statistical summary is the amount of variability of
the data, as a measure of how the numbers are randomly spread. There are differ-
ent ways of measuring the variability: standard deviation, variance, interquartile
range, etc.
Probability Probability helps to understand the behaviour of a random system.
It can be thought as the study of the kind of the data that a known random system
will tend to generate.
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Robust methods The concept of robustness of a statistical method describes
its ability to withstand mistakes. Some of the standard statistical methods are
strongly affected by even one error in the data, others are robust and therefore
continue to correct output even when few strange data values are present. A
strange value that stands out because is not like the rest of the data is called
outlier. Generally a mistake is an outlier, but not all the outliers are mistakes.
Robust methods work well in both case by making it easy to identify the outliers.
Robustness can only be achieved by giving up some sensitivity; robust methods
tend to be less sensitive than non-robust ones but the protection against mistakes
in the data is worth some loss of sensitivity.
B.3 Displaying data
B.3.1 Histograms
Histograms tell if the values of a single group of numbers are very much the same
or different from one to another, how different they are, in what they are different,
how we can describe trends. A histogram that can be imagined as an ’archive’
of the data in the sense that the approximate data values can be reconstructed
from the display. It is a useful representation of the distribution of data values.
In a mathematical sense, a histogram is a mapping mi that counts the number
of observations that fall into various disjoint categories (known as bins), whereas
the graph of a histogram is merely one way to represent a histogram. Thus, if we
let n be the total number of observations and k be the total number of bins, the





The pattern we see in a histogram is a reflection of the distribution of the
numbers.
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B.3.2 Distribution and Gaussian distribution
The distribution shape is a fundamental property for describing, summarising and
understanding the data.
The sides or edges of a distribution are called tails. Symmetric distributions
have the left and right tails that mirror each other. Non-symmetric distributions
are called skewed. A distribution can have one peak, called mode or more than
one. A data value that is considerably smaller or bigger than the others is called
outlier. Outliers should always be identified and checked to be sure that they are
not mistakes in the data.
The most important symmetric distribution is the so called normal distribution
or Gaussian distribution. The simplest case of a normal distribution is known as











x2 in this expression ensures that the total area under the
curve (x) is equal to one, and 1/2 in the exponent makes the “width” of the curve
(measured as half of the distance between the inflection points of the curve) also
equal to one.
Figure B.1: Three examples (A, B, and C) of normal distribution.
The normal distribution is fully defined by two parameters, the mean and the
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standard deviation described below): if they are known, then one can obtain any
value from the data set.
B.3.3 Box plots
In descriptive statistics, a box plot (also known as a box-and-whisker diagram or
plot) is a convenient way of graphically depicting groups of numerical data. They
can be interpreted as follow (see figure B.2):
• The box itself contains the middle 50% of the data; the upper edge (hinge)
of the box indicates the 75th percentile of the data set, and the lower hinge
indicates the 25th percentile. The range of the middle two quartiles is known
as the inter-quartile range.
• The line in the box indicates the median value of the data.
• The ends of the vertical lines or ’whiskers’ indicate the minimum and max-
imum data values, unless outliers are present in which case the whiskers
extend to a maximum of 1.5 times the inter-quartile range.
• The points outside the ends of the whiskers are outliers or suspected outliers.
Box plots display differences between populations without making any assump-
tions of the underlying statistical distribution: they are non-parametric. The
spacing between the different parts of the box help indicate the degree of disper-
sion (spread) and skewness in the data, and identify outliers.
Figure B.2: General representation of a box plot.
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B.4 Summarising data
Summarising is the process of going from extensive and complicate details to
simple informative generalisations while preserving some of the essential situation.
The simplest and most extreme kind of summary is to reduce the entire group
of numbers to one single number that represents the data set. In order to best
summarise the data first one needs to consider which methods are more appropri-
ate for the situation: the data set might be symmetric or skewed, long or short
tailed, and may have outliers.
Average The average (or mean) is the sum of the data (x) divided by the
number of the data values (N) and it is the most widely accepted approach to a







Median One commonly used alternative method for finding a central value is
the median. It is truly the middle value in the sense that when the number are
positioned in order from the smallest to the larger the median will be the middle
number in the list. This indicates generally that half of the data will be larger
than the median and half will be smaller.
Trimmed average A trimmed average is calculated by discarding a certain
percentage of the lowest and the highest scores and then computing the average
of the remaining scores. For example, an average trimmed 50% is computed by
discarding the lower and higher 25% of the scores and taking the average of the
remaining scores. The median is the average trimmed 100% and the arithmetic
average is the average trimmed 0%.
A trimmed average is obviously less susceptible to the effects of extreme scores
than is the arithmetic average. It is therefore less susceptible to sampling fluctu-
ation than the average for extremely skewed distributions. Trimming will retain
much of the sensitivity of the average. For normally distributed data it can be
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proved that the average of all the data is the best possible summary of the centre
of the distribution.
Comparing average and median When the distribution is symmetric, av-
erage and median are exactly equal. In real data, where randomness is present,
they will only be approximately the same when the distribution looks symmetric.
In the presence of outliers average and median will usually give different results
because the average is more sensitive to extreme values, whereas the median is
more robust against the effects of errors and outliers. With extremely non normal
distributions, the median can do a much better job of choosing a summary value
that is near to most of the data.
B.5 Measuring variability
A measure of the variability will describe how close the numbers in the data set
are to their common measure of centre.
Range The range is the length of the smallest interval, which contains all the
data. It is calculated by subtracting the smallest observation (sample minimum)
from the greatest (sample maximum) and provides an indication of statistical
dispersion. It is measured in the same units as the data.
Range = xmax − xmin (B.4)
Since it only depends on two of the observations, it is a poor and weak measure
of dispersion except when the sample size is large. It is extremely sensitive to
outliers. Also it does not reflect data concentration and is affected significantly
by extreme values.
Variance The variance of a random variable or distribution is the expectation,
or mean, of the deviation squared of that variable from its expected value or mean.
Thus the variance is a measure of the amount of variation within the values of that
variable, taking account of all possible values and their probabilities or weightings
(not just the extremes which give the range).
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Standard deviation The standard deviation of a data set is the square root
of its variance. It shows how much variation there is from the average. A low
standard deviation indicates that the data points tend to be very close to the
mean, whereas high standard deviation indicates that the data are spread out






It is computed by combining the deviation of each data value from the average,
essentially by averaging their squares and then taking a square root. If the data
a normally distributed, approximately two-thirds will be within a distance of one
standard deviation away from the average.
B.6 Statistical inference
Statistical inference is the act of making probability statements about a popula-
tion based on the data we observed. Infact we can assess the variability of the
sample average which plays a central role in statistical inference because it tells us
approximately how far away the average of the sample data is from the mean of
the population. Statistical inference takes advantage of various methods of reas-
oning, using all fact and data available in order to draw likely conclusions about
data observed. Note that there is no guarantee that the conclusion is actually
true or correct, but it is ’probably’ correct or ’likely to be’ true.
Population and sample large entity of data which we would like to under-
stand in all of its details is called population: the information available have been
obtained from a sample chosen as a subject from this population.
The simplest case of estimating characteristics of a population based on an
observed sample is when the population mean is estimated by the sample average.
It is convenient to distinguish between the words mean and average: the first
denotes the population quantity, and average stands for only the sample quantity.
We think of the average (which we know) as giving us good indication of the value
of the mean (which we do not know). This expresses the statistical fact that the
APPENDIX B. STATISTICS BACKGROUND THEORY 224
average is an estimate of the mean.
B.7 Standard error of the average
The variability of the average value computed from a sample is measured by a
quantity called standard error of the average. The standard deviation reflects the
typical variability of each number in the sample, rather than the variability of
the average itself. Because the average combines all the data values, we natur-
ally would expect it to be less variable (and more precise) as compared to any
individual data value.





where s.d. stands for standard deviation and N is the number of data values.
As we said, standard error has an interpretation similar to the standard de-
viation, except that it describes the variability of the average rather than the
variability of the individual observation. This indicates that the average could
vary by about one standard error in either direction due to the randomness of
the sampling. Hence, the standard error of the average, which is easily computed
from one sample, provides reliable indication of the variability in the averages that
would have been observed if we were able to obtain extra entire samples from the
population.
B.8 Confidence interval
Given a random sample from a population with a normal distribution, the confid-
ence interval provides a definite, exact statement about the unknown population
mean based on the average and variability computed from mean. The confidence
interval will allow us to say that “we are 95% certain that the population mean
is within a certain distance from the average”. The procedure to construct the
confidence interval is the following:
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1. From the data get the average, standard deviation, and standard error of
the average;
2. Find the degrees of freedom by subtracting 1 from the sample size. Use the
t-table to find the t-value (or critical value).
3. Multiply the t-value by the standard error
4. Subtract the quantity from the average value to find the lower confidence
limit, add it to find the upper confidence limit.
c.i.(lower) = µ− (tn−1 × s.e.) (B.7)
c.i.(upper) = µ+ (tn−1 × s.e.) (B.8)
T-values are tabulated for different confidence interval, i.e. 95%, 90%, 99%,
etc.
If the population has a distribution that is not symmetric and bell-shaped like the
normal distribution, the confidence interval approach will show still good results,
since its characteristic of being robust, which means it still works even if the
distribution deviates from normal. There are two main justifications for this.
We can consider the population basically normal, except for few outliers. If
the sample does not contain outliers, there is not a problem to proceed as if we
have a normal distribution. But if there is an outlier, then it will cause two
effects that cancel each other. The first is to distort the average, making it far
away from the population mean. The second is to inflate the standard deviation,
making the confidence interval much larger than it would be. The net result is
that occasionally the big confidence interval will have its centre far away from the
mean in such a way that it can still contain the mean a good deal of the time.
So, combining two non-robust procedures (the average and the standard devi-
ation) results in a robust method (the confidence interval).
Appendix C
Data collection sample
An example of data acquisition is reported in tables C.1, C.2, and C.3. Data are
taken form a random acquisition.
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15:45:01 -66.76 -29.94 535.67 -5.28 27.89 111.69 0.02 0.02
15:45:01 -66.76 -29.94 535.66 -5.41 27.76 112.19 0.02 0.02
15:45:01 -66.89 -29.94 536.17 -5.41 27.76 111.18 0.02 0.02
15:45:01 -66.76 -29.94 536.17 -5.28 27.76 111.69 0.02 0.02
15:45:01 -66.89 -30.07 535.67 -5.41 27.89 111.18 0.02 0.02
15:45:01 -66.89 -29.94 535.16 -5.28 27.76 112.19 0.02 0.02
15:45:01 -67.02 -29.94 535.67 -5.28 27.76 111.69 0.02 0.02
15:45:01 -67.02 -29.94 536.17 -5.15 27.76 111.69 0.02 0.02
15:45:01 -67.02 -29.94 535.67 -5.15 27.89 111.69 0.02 0.02
15:45:01 -66.76 -29.94 536.17 -5.28 27.76 111.69 0.02 0.02
15:45:01 -67.02 -29.82 536.17 -5.28 27.76 112.19 0.02 0.02
15:45:01 -66.89 -29.82 535.67 -5.28 27.76 112.19 0.02 0.02
15:45:01 -66.76 -29.82 535.67 -5.28 27.89 111.69 0.02 0.02
...
Table C.2: Force plate raw data. Data are referred to a generic acquisition..The
first column indicates the time.













1 0.07 0.55 0.05 0.40 0.03 0.32
2 0.07 0.55 0.05 0.40 0.03 0.33
3 0.07 0.55 0.05 0.40 0.03 0.33










hip X hip Y
...
1 0.16 0.08 0.38 0.00 0.18 -0.09
2 0.16 0.08 0.38 0.00 0.18 -0.09
3 0.16 0.08 0.38 0.00 0.18 -0.09
4 0.16 0.08 0.38 0.00 0.18 -0.09
...




foot X foot Y
...
1 0.57 -0.16 0.56 -0.54 0.73 -0.58
2 0.57 -0.16 0.55 -0.54 0.73 -0.58
3 0.57 -0.16 0.55 -0.54 0.72 -0.58
4 0.57 -0.16 0.55 -0.54 0.72 -0.58
...
Table C.3: Tracking coordinates of the Body Segments Joints from the camera
image for body joints coordinates. Data are referred to a generic acquisition..The




Matrices of the partial variables for pressure distribution are presented in the
following tables. See section 4.2.2.
Statistical parameters for pressure distribution explained in section 4.2.2.2 are
reported in a table , b, c, d, and e in D.2.
D.2 Ground Reaction Forces
Matrices of the partial variables for Ground Reaction Forces are presented in
the following tables. See section 4.2.3. Fx,y,z,seat are the spatial components of
the total F recorded by the force plate under the seat; Fx,y,z,floor are the spatial
components of the total F recorded by the force plate under the feet.
230



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX D. STATISTIC ANALYSIS RESULTS 241
P. 1 Fx,seat Fy,seat Fz,seat Fx,floor Fy,floor Fz,floor
sub 2 0.088 0.034 0.812 0.004 0.034 0.199
sub 3 0.070 0.037 0.835 0.001 0.040 0.223
sub 4 0.096 0.038 0.764 0.008 0.040 0.240
sub 5 0.093 0.025 0.842 0.004 0.021 0.134
sub 6 0.092 0.038 0.807 0.004 0.035 0.198
sub 7 0.101 0.022 0.966 0.006 0.016 0.050
sub 8 0.096 0.042 0.839 0.003 0.039 0.157
sub 9 0.074 0.027 0.792 0.006 0.024 0.195
sub 10 0.090 0.028 0.873 0.005 0.024 0.126
sub 11 0.086 0.028 0.864 0.004 0.024 0.128
sub 13 0.088 0.013 0.960 0.004 0.007 0.032
sub 14 0.065 0.019 0.904 0.004 0.013 0.083
(a) Posture 1
P. 2 Fx,seat Fy,seat Fz,seat Fx,floor Fy,floor Fz,floor
sub 2 0.095 0.034 0.792 0.004 0.035 0.227
sub 3 0.092 0.028 0.816 0.002 0.040 0.253
sub 4 0.096 0.038 0.769 0.007 0.035 0.252
sub 5 0.108 0.037 0.791 0.005 0.035 0.186
sub 6 0.085 0.034 0.790 0.002 0.030 0.216
sub 7 0.100 0.043 0.862 0.008 0.037 0.161
sub 8 0.101 0.054 0.819 0.003 0.049 0.186
sub 9 0.105 0.026 0.517 0.007 0.057 0.318
sub 10 0.097 0.036 0.777 0.005 0.039 0.196
sub 11 0.101 0.035 0.744 0.004 0.042 0.202
sub 13 0.095 0.025 0.896 0.002 0.021 0.101
sub 14 0.087 0.015 0.830 0.004 0.013 0.138
(b) Posture 2
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P. 3 Fx,seat Fy,seat Fz,seat Fx,floor Fy,floor Fz,floor
sub 2 0.024 0.035 0.616 0.004 0.034 0.391
sub 3 0.039 0.048 0.741 0.002 0.041 0.316
sub 4 0.023 0.063 0.527 0.003 0.066 0.471
sub 5 0.024 0.018 0.577 0.007 0.020 0.404
sub 6 0.008 0.010 0.619 0.003 0.008 0.372
sub 7 0.013 0.017 0.743 0.006 0.020 0.255
sub 8 0.004 0.043 0.584 0.003 0.041 0.399
sub 9 0.029 0.031 0.709 0.006 0.025 0.281
sub 10 0.013 0.021 0.670 0.006 0.020 0.321
sub 11 0.014 0.026 0.663 0.007 0.024 0.326
sub 13 0.010 0.005 0.697 0.011 0.004 0.299
sub 14 0.025 0.014 0.701 0.005 0.013 0.258
(c) Posture 3
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P. 4 Fx,seat Fy,seat Fz,seat Fx,floor Fy,floor Fz,floor
sub 2 0.091 0.061 0.791 0.005 0.055 0.207
sub 3 0.089 0.056 0.821 0.004 0.063 0.236
sub 4 0.091 0.052 0.765 0.012 0.036 0.184
sub 5 0.097 0.082 0.790 0.003 0.073 0.191
sub 6 0.089 0.054 0.789 0.003 0.049 0.216
sub 7 0.081 0.054 0.833 0.005 0.046 0.173
sub 8 0.100 0.060 0.872 0.008 0.053 0.117
sub 9 0.090 0.052 0.554 0.007 0.075 0.158
sub 10 0.091 0.055 0.779 0.006 0.054 0.164
sub 11 0.095 0.056 0.757 0.007 0.059 0.144
sub 13 0.095 0.055 0.846 0.007 0.048 0.157
sub 14 0.059 0.006 0.897 0.002 0.004 0.085
(d) Posture 4
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P. 5 Fx,seat Fy,seat Fz,seat Fx,floor Fy,floor Fz,floor
sub 2 0.014 0.014 0.726 0.004 0.007 0.255
sub 3 0.011 0.019 0.788 0.003 0.014 0.253
sub 4 0.021 0.029 0.577 0.004 0.002 0.359
sub 5 0.018 0.001 0.770 0.009 0.006 0.204
sub 6 0.006 0.006 0.770 0.002 0.005 0.202
sub 7 0.018 0.023 0.780 0.004 0.016 0.197
sub 8 0.007 0.014 0.696 0.006 0.007 0.241
sub 9 0.036 0.019 0.693 0.006 0.011 0.235
sub 10 0.019 0.018 0.760 0.005 0.012 0.204
sub 11 0.023 0.020 0.749 0.005 0.012 0.207
sub 13 0.028 0.029 0.859 0.004 0.019 0.146
sub 14 0.015 0.006 0.798 0.003 0.008 0.189
(e) Posture 5
Table D.3: Experiment session: GRFs for the five postures. Values are expressed
as ratio of the Body Weight of the relative subject.
Statistical parameters for GRFs distribution from section 4.2.3.2 are reported
in a table , b, c, d, and e in Table D.4 on page 249.
D.3 Centre of Pressure
Matrices of the partial variables for Centre Of Pressure location along x and y
axis are presented in the following tables. See section 4.2.4.
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P. 1 COPx [m] COPy [m]
sub 2 0.005 0.000
sub 3 -0.001 0.029
sub 4 0.008 -0.008
sub 5 0.006 0.021
sub 6 0.015 -0.010
sub 7 0.010 0.010
sub 8 0.005 0.000
sub 9 0.004 -0.005
sub 10 0.005 0.008
sub 11 -0.001 -0.028
sub 13 -0.009 -0.042
sub 14 -0.003 -0.010
(a) Posture 1
P. 2 COPx [m] COPy [m]
sub 2 0.008 0.021
sub 3 0.011 0.027
sub 4 -0.002 0.029
sub 5 0.015 0.029
sub 6 0.004 0.016
sub 7 0.020 0.007
sub 8 0.011 0.024
sub 9 0.008 0.022
sub 10 0.012 0.029
sub 11 0.100 0.130
sub 13 -0.005 0.002
sub 14 0.006 0.007
(b) Posture 2
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P. 3 COPx [m] COPy [m]
sub 2 -0.008 -0.047
sub 3 0.001 -0.015
sub 4 -0.003 -0.026
sub 5 -0.008 -0.066
sub 6 -0.009 -0.082
sub 7 0.001 -0.102
sub 8 -0.008 -0.070
sub 9 -0.008 -0.055
sub 10 0.003 -0.067
sub 11 -0.006 -0.071
sub 13 -0.014 -0.109
sub 14 0.000 -0.063
(c) Posture 3
P. 4 COPx [m] COPy [m]
sub 2 0.003 0.028
sub 3 0.003 0.035
sub 4 -0.008 0.024
sub 5 0.013 0.028
sub 6 0.008 0.025
sub 7 0.000 -0.009
sub 8 0.006 0.007
sub 9 0.002 0.042
sub 10 0.004 0.038
sub 11 0.559 0.379
sub 13 0.013 0.004
sub 14 0.004 -0.044
(d) Posture 4
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P. 5 COPx [m] COPy [m]
sub 2 -0.001 -0.080
sub 3 -0.018 -0.093
sub 4 0.010 -0.087
sub 5 0.000 -0.092
sub 6 -0.012 -0.098
sub 7 -0.009 -0.099
sub 8 -0.019 -0.100
sub 9 -0.001 -0.080
sub 10 -0.006 -0.077
sub 11 -0.004 -0.084
sub 13 -0.003 -0.087
sub 14 -0.002 -0.108
(e) Posture 5
Table D.5: COP coordinates for the five postures. X and Y represent the spatial
coordinates in a plane parallel to the floor.
Statistical parameters for COP location from section 4.2.4 are reported in a
table , b, c, d, and e in Table ?? on page ??COP:.
D.4 Body angles
Matrices of the partial variables for Body Angles values are presented in the
following tables. See section 4.2.5.1.
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P. 1 neck [o] shoulder
[o]
hip [o] knee [o] ankle [o] arm [o] elbow [o]
sub 2 179.93 209.28 260.94 97.14 259.02 11.77 229.17
sub 3 178.22 216.96 267.81 88.94 256.28 18.33 225.95
sub 4 183.13 222.79 251.77 96.59 256.74 17.55 240.01
sub 5 162.50 226.01 258.45 93.76 258.70 15.60 270.19
sub 6 177.52 221.46 248.01 86.07 262.15 5.35 241.08
sub 7 191.04 220.04 247.88 99.98 251.84 5.35 260.80
sub 8 190.24 223.44 247.92 98.51 258.05 5.35 252.18
sub 9 161.16 197.91 263.02 93.62 257.02 32.54 208.73
sub 10 162.72 215.39 254.40 93.43 261.12 3.54 218.29
sub 11 185.61 197.43 263.39 103.99 245.49 15.71 241.70
sub 12 166.59 215.73 265.49 80.85 263.12 13.61 239.53
sub 13 168.00 206.29 261.40 107.17 249.87 8.59 229.26
sub 14 171.06 210.93 260.83 99.81 258.07 8.35 233.58
sub 15 189.47 202.04 259.43 93.77 258.04 8.77 214.14
sub 16 160.74 215.80 258.69 95.01 246.38 11.31 268.80
sub 17 175.45 219.22 259.71 86.45 259.14 13.44 268.97
(a) Posture 1
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P. 2 neck [o] shoulder [o] hip [o] knee [o] ankle [o] arm [o] elbow [o]
sub 2 169.26 235.69 240.90 104.63 250.43 25.22 267.10
sub 3 175.07 225.48 254.61 97.30 250.28 6.05 238.35
sub 4 192.22 220.02 245.19 94.13 260.66 2.34 238.98
sub 5 160.63 233.21 248.96 107.16 245.41 13.99 262.36
sub 6 174.01 233.40 231.77 84.80 266.62 9.49 237.02
sub 7 174.42 227.13 233.44 102.72 251.66 27.57 267.00
sub 8 193.12 227.24 242.76 109.94 250.18 11.82 253.80
sub 9 160.71 200.86 255.07 93.82 256.66 22.46 217.49
sub 10 161.67 224.57 247.71 97.43 258.29 26.09 235.27
sub 11 190.44 204.59 241.61 130.34 228.10 10.81 232.24
sub 12 171.42 228.97 251.80 81.79 260.65 6.37 238.52
sub 13 185.71 218.83 228.56 109.08 256.66 19.42 254.26
sub 14 174.63 223.36 246.27 96.69 259.51 26.09 231.15
sub 15 175.23 223.06 249.83 104.06 251.75 25.22 244.64
sub 16 188.21 201.17 247.01 94.19 257.25 25.22 271.22
sub 17 192.57 213.78 252.23 86.68 258.45 10.10 232.32
(b) Posture 2
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P. 3 neck [o] shoulder [o] hip [o] knee [o] ankle [o] arm [o] elbow [o]
sub 2 188.41 163.49 306.41 107.08 249.53 38.69 255.01
sub 3 177.68 201.74 291.83 95.24 255.58 43.17 234.99
sub 4 188.90 180.85 302.92 99.74 257.26 45.87 241.95
sub 5 158.66 195.70 309.71 96.17 255.19 48.44 256.72
sub 6 187.59 182.57 302.86 83.35 268.48 41.27 252.62
sub 7 188.73 172.35 304.74 97.63 259.40 47.34 245.14
sub 8 184.60 168.48 315.54 99.29 260.08 51.10 260.31
sub 9 188.25 183.39 298.17 98.94 257.00 54.66 229.64
sub 10 177.10 176.00 309.41 98.68 261.58 44.70 254.64
sub 11 189.57 170.93 294.08 113.74 238.51 43.00 250.89
sub 12 186.81 170.00 293.40 129.56 232.78 45.57 241.42
sub 13 156.94 183.79 310.08 111.48 262.27 46.65 259.79
sub 14 180.97 179.82 299.80 98.18 260.62 48.98 257.56
sub 15 189.15 185.37 307.84 102.51 249.94 52.50 240.38
sub 16 192.74 166.82 298.43 99.25 259.90 36.24 246.71
sub 17 189.29 180.43 295.33 85.89 258.20 43.96 236.39
(c) Posture 3
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P. 4 neck [o] shoulder [o] hip [o] knee [o] ankle [o] arm [o] elbow [o]
sub 2 168.90 257.23 217.82 133.41 229.49 37.82 268.97
sub 3 169.39 231.21 235.05 98.32 251.81 2.61 235.56
sub 4 189.16 205.65 226.64 101.43 255.63 2.43 212.93
sub 5 195.09 215.90 203.86 152.05 224.35 6.51 235.90
sub 6 190.25 234.47 223.84 93.46 256.51 14.07 253.15
sub 7 178.09 228.46 223.29 108.66 248.11 2.70 212.55
sub 8 190.31 226.70 222.18 140.59 233.17 14.36 253.52
sub 9 168.84 218.39 237.81 132.97 227.01 9.29 219.62
sub 10 180.96 172.51 308.96 99.42 262.80 45.04 255.01
sub 11 186.03 191.61 225.63 118.66 237.38 2.78 229.16
sub 12 177.27 206.09 232.91 99.49 253.79 16.65 212.44
sub 13 171.72 222.14 210.97 133.42 236.73 15.41 236.57
sub 14 218.48 192.91 193.43 171.30 231.78 0.82 226.14
sub 15 178.12 226.29 201.43 157.12 239.23 1.33 224.08
sub 16 213.00 197.27 207.80 130.55 236.69 20.06 184.62
sub 17 196.42 208.67 242.30 114.04 237.37 15.39 213.50
(d) Posture 4
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P. 5 neck [o] shoulder [o] hip [o] knee [o] ankle [o] arm [o] elbow [o]
sub 2 191.81 183.68 274.19 87.03 264.12 45.21 210.81
sub 3 191.67 200.63 267.09 62.17 285.42 11.99 242.17
sub 4 182.91 185.52 291.28 76.03 281.42 41.94 247.08
sub 5 176.37 225.44 266.71 80.31 269.92 13.15 255.57
sub 6 191.34 197.97 267.24 72.46 281.32 9.37 257.43
sub 7 173.85 196.28 258.15 90.31 276.16 31.83 232.56
sub 8 191.32 196.64 279.59 80.75 277.71 45.52 214.60
sub 9 168.52 187.30 277.82 79.05 284.80 52.85 236.01
sub 10 187.88 180.52 268.29 80.98 270.42 33.64 222.80
sub 11 186.69 191.36 268.66 75.83 270.93 15.32 269.57
sub 12 171.48 217.26 260.80 71.26 277.43 7.07 247.64
sub 13 187.64 187.51 261.16 90.61 272.34 26.57 245.37
sub 14 174.39 197.30 257.37 79.67 282.31 13.15 286.31
sub 15 205.86 187.00 269.59 87.36 267.27 47.44 202.93
sub 16 187.56 179.97 263.98 99.58 263.67 51.83 219.41
sub 17 201.91 187.27 279.66 79.66 264.27 24.69 254.26
(e) Posture 5
Table D.7: experiment session: Body Angles for the five postures.
Statistical parameters for Body Angles from section 4.2.5.2 are reported in a
table , b, c, d, and e in Table D.8 on page 260.
D.5 Body Segments joint coordinates
Matrices of the partial variables for Body Segments’s Joints coordinates are presen-
ted in the following tables. See section 4.2.6.1.
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P. 1 Xshoulder Xhip
sub 2 0.068 0.115
sub 3 0.096 0.179
sub 4 -0.015 0.141
sub 5 0.070 0.159
sub 6 0.024 0.201
sub 7 0.047 0.155
sub 8 0.042 0.174
sub 9 0.105 0.142
sub 10 0.152 0.252
sub 11 0.104 0.148
sub 12 0.150 0.214
sub 13 0.150 0.214
sub 14 0.147 0.154
sub 15 0.119 0.163
sub 16 0.122 0.157
sub 17 0.098 0.175
(a) Posture 1
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P. 2 Xshoulder Xhip
sub 2 -0.039 0.156
sub 3 0.057 0.167
sub 4 -0.043 0.180
sub 5 -0.004 0.152
sub 6 -0.017 0.264
sub 7 -0.024 0.203
sub 8 0.007 0.167
sub 9 0.044 0.146
sub 10 0.070 0.227
sub 11 0.035 0.170
sub 12 0.036 0.213
sub 13 0.010 0.179
sub 14 0.025 0.170
sub 15 -0.021 0.099
sub 16 0.036 0.146
sub 17 0.048 0.183
(b) Posture 2
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P. 3 Xshoulder Xhip
sub 2 0.454 0.124
sub 3 0.337 0.179
sub 4 0.380 0.117
sub 5 0.514 0.194
sub 6 0.564 0.280
sub 7 0.518 0.206
sub 8 0.551 0.169
sub 9 0.478 0.185
sub 10 0.606 0.227
sub 11 0.398 0.172
sub 12 0.464 0.228
sub 13 0.604 0.215
sub 14 0.448 0.169
sub 15 0.442 0.140
sub 16 0.473 0.229
sub 17 0.428 0.238
(c) Posture 3
APPENDIX D. STATISTIC ANALYSIS RESULTS 264
P. 4 Xshoulder Xhip
sub 2 -0.071 0.241
sub 3 0.028 0.318
sub 4 -0.021 0.333
sub 5 0.002 0.356
sub 6 -0.020 0.350
sub 7 -0.026 0.245
sub 8 -0.002 0.295
sub 9 0.038 0.223
sub 10 0.606 0.227
sub 11 0.018 0.292
sub 12 0.044 0.314
sub 13 -0.023 0.296
sub 14 0.037 0.380
sub 15 -0.040 0.310
sub 16 0.050 0.310
sub 17 0.067 0.256
(d) Posture 4
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P. 5 Xshoulder Xhip
sub 2 0.283 0.207
sub 3 0.362 0.377
sub 4 0.489 0.285
sub 5 0.270 0.278
sub 6 0.396 0.383
sub 7 0.358 0.313
sub 8 0.461 0.363
sub 9 0.584 0.402
sub 10 0.399 0.362
sub 11 0.325 0.310
sub 12 0.331 0.398
sub 13 0.308 0.275
sub 14 0.346 0.349
sub 15 0.326 0.267
sub 16 0.423 0.359
sub 17 0.397 0.321
(e) Posture 5
Table D.9: experiment session: Body Segments Joints coordinates for the five
postures.
Statistical parameters for Body Segments’s Joints coordinates from section
4.2.6.2 are reported in table D.10.
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and eighteen copies (one original and 17 double-sided photocopies) sent to: Hazel Covill, Research and 
Development, First Floor, 18-24 Walden Street Portakabin, London E1 2AN 
 
1. TITLE OF STUDY (guidance note 1) 
 “Sitting postures recognition by force pressure measurement” 
 
2. NATURE OF PROJECT (guidance note 2) 
Research study for improvement of sitting comfort in airplanes, part of a FP6 project SEAT (PhD projects and final 
year projects are to use results from this study) 
 
3. INVESTIGATORS (guidance note 3) 
3a. Principal Investigator 
Name and qualifications: Dr Peter Dabnichki 
Post: Senior lectures in Medical Engineering 
Department and campus: School of Engineering and Material Science, Queen Mary University of London 
Email address for correspondence: p.dabnichki@qmul.ac.uk, s.ciampone@qmul.ac.uk 
 Please list your experience of Research on Human Participants 
Dr Peter Dabnichki works on applications of computer modelling and informatics in medicine, sports and biology. He 
is visiting professor in the University of Vienna where he teaches biomechanics and informatics. He is a member of 
the board of directors of the International Association of Computer Science in Sport and serves on the editorial board 
of the Structural Durability & Health Monitoring. He is also editorial board member of the book series “Computational 
and Experimental Methods in Structures” with responsibility to select contributions from world leading experts in 
biomedical area. He has been involved in the support of Olympic teams and provided biomechanics support for 
British athletes at the Olympic games in Salt Lake City. 
Some of his research on human participants are: 
- Biomechanics of human locomotion, specifically in sport activities such as swimming, running and throwing. 
- Support for the British bobsleigh and skeleton national teams in their preparation for the Winter Olympic 
games in Salt Lake City. 
- Development of new theoretical methods for mathematical description of cell responses to mechanical 
loading 
- Development of software systems for patients’ monitoring during pharmaceutical trials- Knowledge Transfer 
Partnership (EPSRC funded) project for development of data collection repository for physiological data and 
development of facilities for clinical and medical monitoring, in collaboration with Richmond Pharmacology 
Ltd (pharmaceutical research company). For example, automated blood pressure measurement in the 
integrated system for drug clinical trials. 
- Pressure distribution in buttock while seating, especially in users of wheelchairs. 
Body temperature distribution in adults in different environments 
 
3b. Other investigators / collaborators (please note their employer if other than QMUL and the qualification being 
worked towards if the investigator is a student): 
Miss Sandra Ciampone, PhD student, QMUL,  
s.ciampone@qmul.ac.uk 
Supervised final year students  
 
4. PREFERRED TIMETABLE (guidance note 4) 
4a. Preferred start date: as soon as possible 
4b. Projected date of project’s completion: December 2010 
 
5. SPONSOR / OTHER ORGANISATIONS INVOLVED AND FUNDING (guidance note 5) 
5a. Other institution If other: Not applicable 
5b. If your study involves another organization, please provide details. Evidence that the relevant authority has given 
permission, i.e. a letter, is likely to be necessary. Not applicable 
 
 5c. If you are receiving funding for the study please provide details here. Please attach the results of any peer-review 
process this application has been through, including any feedback you have received on the study. Not applicable 
 
6. OTHER REC APPROVAL (see introduction for guidance on when LREC approval is necessary) 
6a. Has the proposed study been submitted to any other reviewing body? If so, please provide details, including the 
results of peer review, if available. Not applicable 
 
7. PURPOSE OF THE STUDY (guidance note 7) 
The overall aim of the project is design of a smart seat for improvement of the comfort level during long haul flight.  
The experiments are designed to establish whether non-intrusive measurements such as body pressure distribution 
and ground reaction forces could be correlated to sitting postures and activities of the person. The purpose is to 
obtain relevant parameters that would allow automatic posture and activity recognition, facilitating seat adjustment 
without the use of images.  
 
8. STUDY DESIGN, METHODOLOGY AND DATA ANALYSIS (guidance note 8) 
SENSORS 
Three types of sensors or devices will be used for the posture analysis. 
• A camera to acquire video frames to develop working posture classification (markers will be attached on the body 
segments joints). 
• Two force plates (Kistler), positioned under the seat to determine the Ground Reaction Forces from the body to 
the chair/floor and the position of the Centre of Pressure. 
• A pressure mat placed in the seat cushion. 
DATA ACQUISITION 
 
Participants will be asked to sit on the instrumented seat assuming a variety of postures and conducting activities 
particular for air passengers. Video, Ground Reaction Force and pressure will be recorded to allow 
correlation/validation. The session will last 2 minutes maximum per posture, plus a session of 15 minutes where 
different activities will be performed. 
The number of acquisition per subject depends on the number of postures identified in the preliminary classification 
but no more than 20 as the model will become impractical. 4 classes of postures (with 2 under-classes each) are 
sufficient for the aim of the experiments.  
Participants’ body weight and height will be measured to determine his anthropometric parameters. 
DATA ANALYSIS 
The analysis of the data acquired will take place within a short time and the results will be used for further 
developments and study. 
 
9. ETHICAL CONSIDERATIONS (guidance note 9) 
 The main ethical issue relate to obtaining valid consent from subjects. 
Anonymity of the data is assured as the study is statistical in nature. 
Recruitment can take place in the workplace where there is an existing relationship between researcher and potential 
participant. However in the consent form it will be clearly indicated that the participation in such study is fully 
voluntary and no disadvantages can occur in any way as consequence of the non-participation.  
The acquired and analyzed data will not show any previous information about the subject. 
 
10. PARTICIPANTS TO BE 
STUDIED (guidance note 10)    
10a.  Male  Female  
Number volunteers:  Min 5 max 20 Min 5 Max 20 
Upper age limit:  No limit No limit 
Lower age limit:  18 18 
10b. Please provide a justification for the sample size.  
A large sample is not necessary as the data are to be normalized. However, in case there are large variations due to 
size, sample size will need to be increase to represent broadly the general population as indicated. 
 
11. SELECTION CRITERIA (guidance note 11) 
• Subjects must be over 18 years old so that they can sign the consent form by themselves. 
• There will not be any exclusion on the basis of gender, ethnicity or age. The only particular interest is to 
have a representative population sample based on the size of the subjects. 
 
12. RECRUITMENT (guidance note 12) 
(i) Describe how potential participants will be identified: specific targeting of participants is not necessary; the only 
rough criteria will be the size of the participant as this affects the sitting posture.  
(ii) Describe how potential participants will be approached: participants will be approached by Ms Ciampone as at no 
point Dr Dabnichki will be involved. Initially colleagues and staff will be approached as anyone is eligible to 
participate; adverts will be placed around the college premises. See below. 
(iii) Describe how participants will be recruited: colleagues and staff who agree to participate and those who respond 
to the advert. 
 
13. CONSENT (guidance note 13) 
 13a. Please describe the process you will use when seeking and obtaining consent.  
The subjects for this study will be adults over 18. In order to approach them: 
-  Some posters and leaflets will be used to advertise the study; 
- Contact details will be given; 
- More information and a copy of the consent form will be sent to those who show interest on the project. 
- Dates and times for the measurement sessions will be arrange with each subject either by email or phone. 
13b. Will the participants be from any of the following groups? (Tick as appropriate)  
• Persons under 18  
• Children in care  
• Those with learning disability  
• Those suffering from dementia  
• Prisoners  
• Young Offenders (16-21 years old)  
• ٧۷ Those who could be considered to have a particularly dependent relationship with the investigator (e.g. 
those in care homes, students, employees) 
 
13c. Are there any special pressures that might make it difficult for people to refuse to take part in the study (e.g. are 
the potential participants, students or colleagues of the investigator)? How will you address such issues? 
No, there will not be any pressure and no consequences for refusing to undertake the experiments. To avoid any 
misunderstanding by students Dr Dabnichki will not be involved in the recruitment. Volunteers can choose anytime to 




14. PARTICIPANT’S INVOLVEMENT: RISKS, REQUIREMENTS AND BENEFITS (guidance notes 14) 
14a. What are the potential hazards, risks or adverse effects associated with the study? No, any potential hazard 
could occur. 
14b. Does your study involve invasive procedures such as blood taking, muscle biopsy or the administration of a 
medicinal product? No 
14c. Does your study involve genetic analysis or manipulation? No  
14d. Please list the experience of the investigators in the use of these procedures. Peter Dabnichki as already 
experience in the use of force plates and SIMI motion. 
 14e. If medical devices are to be used on any participant, do they comply with the requirements of the Medical 
Devices Directives? No medical devices are to be used 
14f. Please describe how you would deal with any adverse reactions or untoward incidents. Incidents are highly 
unlikely; in case of something happens, we will call to the emergency, and since the subjects will be from 
the Queen Mary University, they are covered by insurance. 
14g. Please name the locations or sites where the work will be done (room number, etc.): Engineering department, 
Kidman Lab. 
14h. What is the potential for participants’ suffering pain, discomfort, distress, inconvenience or changes to lifestyle 
as a result of participation? Nothing is expected, and in any case of discomfort, or pain, the experiments can 
be stopped. 
14i. Will group or individual interviews / questionnaires discuss any topics or issues that might be sensitive, 
embarrassing or upsetting? No sensitive information is required, only height and weight of the subject, and 
his/her identity will be anonymous. 
14j. Is it possible that criminal or other disclosures requiring action (e.g. evidence of professional misconduct) could 
take place during the study? If yes, give details of what procedures will be put in place to deal with these issues. The 
information sheet should make it clear under which circumstances action may be taken by the researcher. 
Not applicable 
14k. Please describe direct benefits to the research participant, if any.  
Not applicable 
14l. Under what circumstances might a participant not continue with the study, or the study be terminated in part or 
as a whole?  
Any participant can decide whenever he/she wants to withdraw the study. That will not affect to the study 
itself as any participants could be replaced. 
 
15. FINANCIAL INCENTIVES, EXPENSES AND COMPENSATION (guidance note 15) 
15a. Will travelling expenses be given? No  
15b. Is any financial or other reward, apart from travelling expenses, to be given to participants? No 
 
15c.Will the study results in financial payment or payment in kind to the department or College? Please specify, 
including the amounts involved No 
 
15d. If this is a study in collaboration with a pharmaceutical company or an equipment or medical device 
manufacturer, please give the name of the company and indicate what arrangements exist for compensating patients 
or healthy volunteers for adverse effects resulting from their participation in the study (in most cases the Committee 
will only approve protocols if the pharmaceutical company involved confirms that it abides by The Association of the 
British Pharmaceutical Industry guidelines). A copy of the indemnification form (appendix B) should be submitted 
alongside this application. 
Not applicable 
 
 16. CONFIDENTIALITY, ANONYMITY AND DATA STORAGE (guidance notes 16 and 17) 
16a. What steps will be taken to ensure confidentiality (including the confidentiality and physical security of the 
research data)? Give details of the anonymisation procedures to be used, and at what stage they will be introduced. 
Personal information (names, e-mails addresses and telephone numbers) will be accessed only by the Queen Mary 
researchers who are involved in this project.  
Any data of the subjects like weight and height will not be stored with any from personal records and always 
identified by a code, never by a name. 
16b. Who will have access to the records and resulting data. Only the investigators from the QM. 
16c. Where, and for how long, do you intend to store the consent forms and other records?  
The data will be stored in the personal computer of the investigator and protected by passwords, so that the 
investigators only will have access to them.  
The data will be stored for the period of the PhD research, till December 2010 
 
 
17. INFORMATION SHEET (guideline 17) 
The information sheet for participants should be composed according to the guidelines and submitted alongside this 
protocol. The text in red should be deleted or modified as appropriate. If the language in this template is not suitable 
for your intended target group it may be modified. You should also submit a copy of the consent form, which should 
be created using the template provided. Details of how these documents should be used are provided in the 
guidelines.  
REC Protocol Number.…........... 
 
YOU WILL BE GIVEN A COPY OF THIS INFORMATION SHEET  
Posture recognition during long-term sitting:  
We would like to invite you to participate in our postgraduate research project. You should only participate if you want 
to; choosing not to take part will not disadvantage you in any way. Before you decide whether you want to take part, 
it is important for you to understand why the research is being done and what your participation will involve. Please 
take time to read the following information carefully and discuss it with others if you wish. Ask us if there is anything 
that is not clear or if you would like more information.  
The experiments you will take part in, are designed to establish whether non-intrusive measurements such as body 
pressure distribution and ground reaction forces could be correlated to sitting posture and activities of the person. 
The purpose is to obtain relevant parameters that would allow automatic posture and activity recognition, facilitating 
seat adjustment.  
You will be asked to sit on an instrumented seat assuming a variety of postures and conducting activities particular 
for air passengers. 
You will be asked to give information about your weight and height, but that information will be made anonymous, by 
recording them with a code and not with your name. You will be asked to undertake different postures that the 
investigator will explain you for few minutes each, and later to behave freely on the seat for 15 minutes. The 
experiment will last for a maximum of 30 minutes. 
 The experiments will take place in the Kidman Lab between the 9 am and 6 pm. Day and time will be recorded. 
The only ones to have access at the data are the investigators.  
 
If you do decide to take part you will be given this information sheet and be asked to sign a consent form. You may 
withdraw at any time and without giving a particular reason.  
 
If you need further information, please feel free to contact: s.ciampone@qmul.ac.uk 
 
18. CONSENT FORM (guideline 18)  
Please complete this form after you have read the Information Sheet and/or listened to an explanation about the 
proposed research. 
Title of Study: Sitting posture recognition 
Queen Mary Research Ethics Committee Ref: ________________ 
 
. • Thank you for considering taking part in this research. The researcher conducting this project must 
explain its aims and your potential involvement before you agree to participate.  
. • If you have any questions arising from the Information Sheet or explanation already given to you, 
please ask the researcher before you decide whether to join in. You will be given a copy of this Consent Form to 
keep and refer to at any time.  
. • I understand that if I decide at any other time during the research that I no longer wish to 
participate in this project, I can notify the researchers involved and be withdrawn from it immediately.  
. • I consent to the processing of my personal information for the purposes of this research study. I 
understand that such information will be treated as strictly confidential and handled in accordance with the provisions 
of the Data Protection Act 1998.  
Participant’s Statement:  
I ___________________________________________ agree that the research project named above has been 
explained to me to my satisfaction and I agree to take part in the study. I have read both the notes written above 
and the Information Sheet about the project, and understand what the research study involves.  
Signed: Date:  
Investigator’s Statement:  
I ___________________________________________ confirm that I have carefully explained the nature, demands 
and any foreseeable risks (where applicable) of the proposed research to the volunteer.  
Signed: Date: 
 
19. AUTHORISING SIGNATURES (guideline 19) 
The information supplied above is to the best of my knowledge and belief accurate. I have read the notes to 
investigators and clearly understand my obligations and the rights of subjects/study participants, particularly in so far 
as to obtaining valid consent. 
 Signature of Principal Investigator 
............................................................................................................Date............. 
Name of Head of Department: 
Signature of Head of Department 
............................................................................................................Date............. 
Name of Medical Supervisor (if appropriate): 
Medical Supervisor’s MDU/MPS (or other insurance provider) number: 
Signature of Medical Supervisor (if appropriate) 
............................................................................................................Date............. 
Communications about this application should be addressed to: 
Name: ........................................................................................................................ 
Address: (full postal address please) 
................................................................................................................................... 
................................................................................................................................... 
Telephone No: ........................................................................................................ 
Fax No: ..................................................................................................................... 
Email: ........................................................................................................................ 
The following, where applicable, are attached to this form (please tick): 
Participant Information Sheet 
Consent Form 
Letter of ethical committee approval or other approvals 
٧۷Copy of email recruitment circular/poster/press advertisement. 
Questionnaire/ topic guide/ interview questions 
Evidence of permission from organization (i.e. school, company, shop) where research is to take place 
Please note that correspondence regarding the application will normally be sent to the Principal Investigator and 
copied to other named individuals if required. 
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APPENDIX B: INDEMNITY FOR COMMERCIAL 
Not applicable 
 







We would like to invite you to participate in our postgraduate research project. You 
should only participate if you want to; choosing not to take part will not disadvantage 
you in any way. Before you decide whether you want to take part, it is important for 
you to understand why the research is being done and what your participation will 
involve. Please take time to read the following information carefully and discuss it 
with others if you wish. Ask us if there is anything that is not clear or if you would 
like more information. 
 
The experiments you will take part in, are designed to establish whether non-
intrusive measurements such as body pressure distribution, ground reaction 
forces could be correlated to sitting postures and activities of the person. The 
purpose is to obtain relevant parameters that would allow automatic posture and 
activity recognition, facilitating seat adjustment. 
 
You will be asked to sit on an instrumented seat assuming four different postures 
for less than a minute each; the postures will be described by the investigator. 
The experiment will last for a maximum of 30 minutes. 
 
You will be asked to give information about your weight and height, but that 
information will be made anonymous, by recording them with a code and not 
with your name. The only ones to have access at the data are the investigators. 
 
The experiments will take place in the Kidman Lab between the 9 am and 6 pm. Day 
and time will be agreed between you and the investigators. 
If you do decide to take part you will be given this information sheet and be asked to 
sign a consent form. You may withdraw at any time and without giving a particular 
reason. 
 
If you need further information, please feel free to contact: s.ciampone@qmul.ac.uk 
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